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NOTiCE

This report was prepared as an account of Government sporisored
work. DNeither the United States, nor the Naticnal leronautics and
| Space Administration {NASA)., nor any person acting on behalf of NMASA:

(a) Makes any warranty or reprzsentation, expressed or implied,
with respect to the accuracy, completeness, or usefulness
of the information contained in ihis report, or that the use of
‘ any information, apraratus, method, or process disclosed in
this report may not infringe privately owned rights: or
(b) Assumes any liabilities with respect to the use of or for
} . damages resulting from the use of any information, apparatus,
method, or process disclosed in this report.

As used above, '""person acting on behalf of NASA" includes any
employee or centractor of NASA, or employee of such contractor, to the
extent that such employee or contractor of NASA, or employee of such
contractor, prepares, disseminates, or provides access io, any infor-
mation pursuant to his employment or contract with NASA, or his

employment with such contractor.
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SECTION I. THE MECHANISM OF POROUS ELECTRODES

The experimental work of this section has been completed, and the
essential results of the study are summarized. Papers and a complete
write-up are being prepared and will be submitied when complete.

The thesis will be completed and submitted under separate cover

within several weeks.



SECTION II. DEVELOPMENT OF A NEW TECHNIQUE TO STUDY ION

ADSORPTION

I. Introduction

As electrical double layer and ion adsorption play an important role
in electrochemistry, information concerning the structure of the double
layer and the amount of its adsorbed ions is highly desirable. Up to
the present time, there are only a limited number of methods employed in
the study of ion adsorption and there has not been a very successful
method for measuring ion adsorption on solid metal. The radiotracer
method developed by the Russian workers is subject to the limitation of
low concentration and the availability of the radioactive isotopes. The
other methods all have their own limitations. The electrocapillary
method, which gives a satisfactory result for the amount of ion
adsorbed on liquid metal, is not suitable for the same study on solids.
Therefore, the development of a new method for studying ion adsorption
is demanded. This research is designed to accomplish this, and some
gualitative indication of the success of using ellipsometry in the study
of ion adsorption on platinum has been presented prior to this reporting
period. 1,2 A quantitative interpretation of data constitutes the main
work of this project up to this moment. During this reporting period,
ellipsometry has been successfully applied to the study of ion adsorp-

tion on mercury, the result of which was compared with that obtained



by electrocapillary measurement. A satisfactory agreement was obtained
between these two methods. This indicates further the suitability of

using ellipsometry in the study of ion adsorption.

1I. Experimental

A. Apparatus

The apparatus used in this measurement is shown in Figure 1, The

ellipsometer was made by O,C. Rudolph & Sons, Inc. (Model 437-200E).

B. Cell

The cell is made of quartz and has a Teflon top having holes to keep

tubing and electrodes in position (Figure 2),

C. Preparation of the mercury surface

In order to minimize mechanical vibration, a thin layer of mercury on
gold foil was used as the reflecting surface. Gold foil (30 mm X 38 mm
X 0.0007 in. thick, Arthur H. Thomas Co., Philadelphia) was mounted
on a piece of microscope glass slide (2" X 1'') and was soaked in
1: 8 H,S0O, overnight. After washing with water, distilled water, and
conductivity water, the gold il (mounted on glass) was soaked in acetone
overnight. Immediately before the experiment, the gold foil was taken
out from the acetone bath. After evaporating off the adhering acetone,

the gold foil was dipped in a mercury pool and the surface was



amalgamated, and a thin layer of mercury was also carried out from the

pool, which serves as the reflecting surface.

D. Procedures for making a measurement

After the mercury surface was prepared and all the accessories were
put in the proper position, the cell was immediately connected to the
potentiostat and the potential was maintained at - 1.0 V (vs. Sat. Cal.
electrode). Then the alignment of the cell was made to obtain a proper
reflection (the angle of incidence was 68.2° to the reflecting surface)
and the quarter wave plate was fixed at 45°, The potential was then
changed to -0.7 V. An extinction setting of the optical components of
the ellipsometer was first found by a swing method. The condition of
the experiment was then varied by changing the potential and concen-
tration of the solution. The change of adsorption state was registered
by a Sanborn Recorder as a change of intensity of light at the extinction
setting of analyzer and about 4° away from extinction of the polarizer.3
The change in intensity was then calibrated against the readings of the
polarizer, and it is directly proportional to the change in polarizer

reading in the range of the experimental conditions.

III. Result and Discussion

A. Result

Adsorption study was made with sodium thiocyanate (Baker Analyzed




Reagent) solution. Data of five different solutions of sodium thiocyanate

are shown in Figure 3.

B. Method of calculation

(1) Calculation of A and ¢ from polarizer and analyzer reading.
A and ¢ for this set-up of the ellipsometer are calculated according
to the following equations:

A

U

2 X (reading of polarizer) + 90°

1}

reading of analyzer.

7

(2) Calculation of refractive index of mercury surface.

The refractive index was calculated from the following equation: 4
4p sin?
= (n +iK)? = n; tan ¢; [1 - ? +l)j>1]2

where
n, = the refractive index of the mercury,
n =the real part of n,,
K =the imaginary part of n,,
n, =refractive index of solution,
¢; = angle of incidence,

AN
p =tan Lpel .

The A, values were obtained from 0.64 NaF solution at -0.7 V vs.
Sat. Cal. electrode where no adsorption of ion is expected. The n value

is 1.45 and K is =-5.31.



(3) Calculation of refractive index of ion.
The refractive index of ion was calculated from the Lorentz-Lorenz

, 5
equation:

_ n® -1
" 'mn®+2
where
R = molar refractivity,
V = molar volume,
m
n =refractive index.
For CNS , V. = 40.4 cc/q—ion.6 R _ was calculated from the
m CNS
following equations:
2 )
e o-n ar M _M(san”!
salt = “cation anion “d \n? +2
salt
22.2 i =76.13, =1.305,
RNH4CNS was calculated to be (using M 6.13, d=1
n= 1.685)8
R, + = 4.65 cc/g—ion9
NH,
= 22.2 - 4, = .55 -] .
Rons- 2 65 = 17.55 cc/g~ion
By solving the Lorentz-Lorenz equation, nCNS" is calculated to be 1,84.

(4) Calculation of surface coverage of adsorbed ion.

The surface coverage of adsorbed ion was calculated by using the
Drude exact equationlo in the following way:

(a) A constant film thickness of 5.5‘&11 was taken for the adsorbing
film of CNS~ for all the coverages below monolayer.

(b) The surface film was assumed to be constituted from adsorbed



CNS  and water molecules. The refractive index was calculated assuming

a linear combination of the refractive indices of CNS and water as:

Peilm T -8 +n

N0l cns=9

where
nHzO = 1,33
0 = surface coverage of CNS ™.

(c) The A and ¢ values were calculated for different refractive
indices of the film by using the exact ellipsometry equations through an
electronic computer. The calculated change of A at different 0 values
was plotted as a calibration curve in Figure 4. There are two curves in
Figure 4; the lower one is for solution of high concentration (1 N) where
the refractive index of solution was taken as 1.35, and the upper one is
for solution of low concentrations (10~! N or less) where the refractive
index of solution was taken as 1.33. The experimental value of the
change of A was then applied to Figure 4 and the 6 value was ob-
tained from the curve.

The experimental 6 was compared with Kovac's resul‘tl2 in
Figure 5. Kovac's determination of adsorbed ion was made by electro~
capillary method, which is well justified for adsorption measurements
on liquid metal. The agreement shown in Figure 5 is good in general.
At large negative potential, where the adsorption is low, the ellipsometry

seems to give lower values of 6. This is due to the difficulty of choosing



the absolute zero point for comparison of data. The ellipsometer is sensi-
tive to +£0.01°, which amounts to about £0.04 of 6 in this case. The
deviation of ellipsometry 6 from that of the electrocapillary method seems
to lie within this experimental limit. The agreement could be improved if
the sensitivity of the ellipsometry is increased to £0.001° either by using
multiple reflection or by minimizing the noise level of the whole experi-
mental set-up. The agreement could also be improved by choosing better
values of the constants involved in the calculation or by using some other

assumptions about the refractive index of the film,

IV. Plan for the Future

A. More experiments will be made on the thiocyanate adsorption on
mercury in order to check the reproducibility and the reliability of the
method.

B. The study of ion adsorption on solid metal will be undertaken.
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CAPTIONS

Fig. 1. Schematic diagram of the apparatus.

Fig. 2. The cell.

Fig. 3. Change of pelarizer reading with potential.

Fig. 4. Calibration curve.

Fig. 5. Comparison of 0 obtained from ellipsometry and

electrocapillary method.
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SECTION Iil, POTENTIAL OF ZERO CHARGE DETERMINATION

1. General Objectives

The data in the literature for potentials of zero charge are discrepant
from method to method and discordant from author to author. Since poten-
tial of zero charge is one of the important electrochemical parameters, it
is sought to obtain concordant results by three independent methods for
a number of systems. Also this will enable us to apprehend the double

layer at a solid-solution interface to a better extent.

2. Present Period

In the present report period, a rebuttal to Frumkin's criticism of our
work on potential of zero charge on platinum was prepared. An attempt
was also made to explain the discrepancies in the two values of potential

of zero charge on platinum.
I. Facts

1. The value of the Vp z.c obtained in the Russian work is about
0.2 v. (N.H.S.). It is independent of pH.
2. The value of Vp .G obtained in this laboratory is 0.5v, but varies

with pH according to the equation
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o.z.c, = 0-55- 0.066pH. (1)

3. The methods used in the Russian work are: capacitance mini-
mum; repulsion between double layers; equal ionicradsaorpfioniof.cations
and-anjons.

The methods used in the Electrochemistry Laboratory are: capacitance
minimum; dependence of friction on potential; potential at which organic
adsorption is equal with different concentration of the electrolyte.

4, There is a considerable difference in the platinum-solution inter-
face. In the wotk done in Frumkin's laboratory, the hydrogen on the plat=-
inum surface is in equilibrium with dissolved hydrogen in the metal and
protons in the solution. In the work from this laboratory, no hydrogen is
intentionally present in the solution, and a negligible quantity is in the
metal (see calculations gdven in Appendix I}. Moreover, no equilibrium
is established between protons in solution and hydrogen on surface.

5. Burshtein et al. observe a capacitance minimum et 0.5 v in con-

centrated solutions.

II. Frumkin®!s criticisms 6f our wdrk

1. He has stated that in his opinion the minimum observed by Ar-
gade is in fact a pseudo-capacitance minimum, and thus does not refer
to the situation necessary for the determination of potential of zero

charge,
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2. He points to the pH dependence of our p.z.c. implying that, if
such a dependence exists, the quantity to which it refers cannot be a
potential of zero charge.

3. It is implied that, because the method first originated by Dahms
and Green has been used (equality of organic adsorption at different
ionic strengths), the values obtained therefrom cannot be valid. It is
implied that the adsorption of organic compounds is not dependent upon
the electrostatic considerations primarily (used as a basis of the Dahms
and Green method) but must be connected with the presence of H

and O on the surface.

I1I. Defensive remarks concerning Frumkin' s criticisms

1. Pseudocapacitance

The pseudocapacitance criticism does not have validity, because
the comparison is made for two different surfaces of Pt at two different
concentrations.

Thus, the capacitance minimum observed at 0.5 v by Burshtein et al.
was obtained by carrying out capacitance measurements on active plat-
inum in 0.1 N H,SO,4 solution, where the possibility of getting a
minimum corresponding to the p.z.c. is exceedingly small.

On the other hand, Mr. Argade's minima for the capacitance were
obtained in 103 N perchloric acid, with deactivated electrodes which

contained '"no hydrogen' (see Appendix I). It is, therefore, not tenable
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to criticize Argade's values on the basis which Frumkin has published.

Further evidence to suppcst this view is as follows:

a. Capacitance~frequency relationships

A veariation of capacitance with frequency was obssarved by Argade,
and at first one might naively assume that this might be evidence for a
pseudocapacitance contribution to the capacitance which he observed,
This hypothesis has been examined, and in Appendix II the evidence
that it is not a pseudocapacitance, but in fact arises probably from
relaxation phenomena of the water dipoles, or possibly from some effect
corresponding to the spreading of current lines along a liquid layer on
the electrode in contact with the glass holder, is presented.

b. Concerntration variation

It is of course possible to examine the degree of pseudocapacitance
observed by Mr. Argade by varying the conceniration of the electrolyte,
and in Appendix III the results, which do not support a pseudocapacitance
nature ef his minima, are given,

One can see that the evidence given on these two diagnostic

criteria of the pseudocapacitance is unambiguous.

2, pH dependence of the potential of zero charge

+ -

Specific adsorption of HO or OH ions may give rise to pH
dependence of the potential of zero charge. Electrocapillary thermo-
dynamics for the platinum=-solution polarizable interface has been

worked cut ini Appendix IV and it is shown that:
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aq
9E RT OH
‘ (alna )m :_F {( m )a +1} (2)
OH™ g =0 g’ NaOH

where E is the potential of zero charge on the normal hydrogen scale,
a is the chemical potential, qOH‘ is the amount of OH ions adsorbed,
and qm is the charge on the metal. If the first term in equation (2) is
negligible, then the slope of the p.z.c. versus pH plot seems to be
-RT/F, in accordance with the experimental facts.

The independence of the amount of adsorbed ions with charge on
the metal, appears to have some qualitative confirmation near the potential
of zero charge, Thus, for example, cations like .Na+, Cs+ in alkaline
iodide solutions behave in this way. An analogous situation arises in
SO%~ adsorption on platinum from 10=2N H,SO, + 102N CdSO4 and I
adsorption on Pt from 107*N Nal + 10™3N H,S0, (Frumkin et al.,

J. Electrochem. Soc., 113, 1011 (1966)).

Thus, the pH-dependence of p. z. c. as observed in our work need

not be connected with hydrogen and oxygern adscrption, but may arise

from the independence of the amcunt of adsorbed ions with the charge

on the metal near the potential of zero charge.

3. Dahms and Green method

According to this method, at p.z.c., adsorpticn of an organic
substance is independent of the electrolyte conceniration. This method
depends upon purely electrostatic considerations, i.e., variation of

‘ rorg (surface concentration) with charge on the metal.
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According to Frumkin's theory that organic adsorption is dependent

predominantly on H and O adsorption (Frumkin's notation),

oA
IAG de H
(=) = = )+ ( ). (3)
r r
oy org aI‘org Y 2 org b
, , dAG .
where ( is the potential on some scale. Further, (T—)I‘ will be
Y org
determined by the magnitude of the ratio between ¢ and AH . If one

considers an equilibrium between adsorbed hydrogen and protons in
solution, then the coverage of hydrogen in a solution of pH =3 at 0.4v
is found to be about 2 X 10~ .* This corresponds to an adsorbed charge
of 4 X107° pu coul cm=% which in comparison with the charge on the
metal ¢ of about a few p coul cm~? is negligible. Thus, the effect of
(aAH/a r )

gy

potential range of the adsorption maximum and p. z.c. Moreover, in

on (aaeorg/a Y) is seen to be exceedingly small in the

these experiments, the pH of the solution was kept constant and the con-
centration of the neutral salt was varied. Thus, any effect of H and O
on the adsorption of the organic substance would remain exceedingly
small and constant.

Thus, the adsorption of organic molecules in the range used in the
Dahms and Green method is probably effected by electrode potential

largely in a direct way.

*

Assuming Langmuir conditions for H~adsorpticn equilibrium, one
obtains 8/(1 -8) = (6/(1 -9))OCH+/(CH+)0 exp -(V -Vo)F/RT, 60 =0.3,
Vo =0.2v, Cpy =1Nacid; for V=0.4v and C,, =107°N acid,
=2X10", (Assuming a Temkin behavior won't make much difference.—
low corncentration.)
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4, Resulis of the friction method

The friction method is of course not dependent upon the same kind
of criticisms as those which Frumkin has made. However, (a) it gives
good agreement with the results of the other two methods (see Appendix
V), and (b) it gives the same pH variation as the other two methods
(Appendix V). It would need arather considerable coincidence, surely,
for the errors of the pseudocapacitance to show with an equal degree
in the friction method.

In summarizing the situation as seen at the moment, therefore, one
might say: The results of both investigations probably measure a
potential of zero charge, and the investigation shculd be shifted to why
the difference in conditions used gives differences in the potential of

zero charge.

IV. Differences in condition of materials used in the work in Moscow

and in Philadelphia

In Moscow work the conditions are: The H on platinum surface is
in equilibrium with hydrogen ions in the solution. The amount of hydro-~
gen absorbed in the electrodes used by Voropaeva, Deryagain and
Kubanov, for example, may be roughly estimated. This has been done,
with certain stated assumptions, in Appendix VI. It is of the order of 33%
of saturation, some seventeen minutes after the coverage of hydrogen on

the Pt surface is made zero, for the size of electrodes used.
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In the Philadelphia electrodes, the amount of hydrogen is about 10~*
of saturation as evidenced by the estimatory calculations given in
Appendix I.

Roughly, one has with the Philadelphia electrodes a situation of a
polarizable interface; in the case of the Moscow electrodes one has the
situation of a non~polarizable interface, because of the activation pro-

cedure used.

V. Some interpretive suggestions concerning the change of absolute

values under the activated, Moscow, electrodes and the

non-activated, Philadelphia, electrodes

(a) An initial model which one might think of as a basis for an
interpretation of the difference of p. z.c. values observed, is connected
with the difference in the amount of hydrogen present in the two elec-
trodes. However, it is shown in Appendix VII that neither the dissolved
hydrcgen nor the adsorbed hydrogen is significantly important to account

for the discrepancy, under the assumptions involved.

(b) A second model which may be considered arises from the differ-
ence in structure of the surfaces in the two works. One may speculate
reasoningly upon the different surfaces to which the differing pre-
treatments give rise. The Moscow electrodes are given a so-called
"activation'" procedure, namely, holding electrodes at a potential where
they have formed a surface phase oxide (cf. Reddy, Genshaw, and Bockris,

J. Electroanal. Chem., 8, 406 (1964)). The consequent cathodic pulse
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gives rise to an '"active'" platinum surface which is in a different state
irom the state it was in before the activational treatment.

The "active" surface is left with vacancies in the surface and they
are filled with water molecules. The number of these vacancies can be
estimated as follows. Weizer and Girifalco (cf. Phys. Rev., 120, 837
(1960)), have shown by calculations assuming Morse functions for the
various interaction pctentials, that two vacancies do not attract each
other at a distance of >74 separation. At a smaller distance of sepa-
ration ( < 7.11), they probably disappear by becoming divacancies and
diffuse into the bulk of the metal. Thus, if one assumes that there
will be one vacancy in an area of about ISOZ\z, the number of vacancies

per cm? is calculated to be about 6 X 10'3 (i. e., the Moscow electrodes).

Thus, the essential difference between the surface in the Philadelphia
and Moscow electrodes is that the latter have a higher concentration .
of defects on the surface.

The surfaces with defects will have a different potential of zero
charge because the surface electron overlap potential will be changed
and the resulting reorientation of water dipoles will be effected.

The change in the Xm, metal surface potential, can be estimated
as follows. The presence of a vacancy will effect a line dipole with an
opposite polarity to that of the electron overlap, resulting in a lowering
of the surface potential. The line dipole will have a dipole moment of
about 1 X 10-'® e. 5. u. (see Appendix VIII). Thus, the resulting change

in x due to 6 X 10" vacancies per cm? is about 0.24 v. Thus, the



25

assumption of the essential point of the difference between the structures
being related to the defects gives a result in the correct direction for the
difference between the p, z.c.'s of the two electrodes, and of the right
order of magnitude.

A further less important change in the surface potential may arise
from a difference in the orientation of water dipoles. Because of the
presence of vacancies (metal surface dipoles with positive end outwards),
more water molecules will orient with the oxygen end towards the metal.
Assuming the number of water molecules reoriented is the same as the
number of vacancies, the change in sqlution surface potential is worked
out to be 0.07 v (see Appendix VIII).

The fact that the model which we have chosen gives the correct
difference between the results of about 0.3 volts is, of course, coinci-
dental. It is necessary only to show that it has to be of the order of

the right type of result.

3. Future Work

A reply from Frumkin has been received to the above letter which
was sent to him. The points that he has reaised will be answered in
the next report period. Concurrently, the thesis writing will be

continued.



APPENDIX III-I

Calculations to estimate the amount of hydrogen remaining in the

Philadelphia electrodes

The treatment that was given to our electrodes was as follows:
After an initial reduction of surface oxide on Pt at 300°C for five
minutes, the platinum electrodes were further heated at 450°C in high
purity argon for a minimum period of three hours. During the initial
oxide reduction in hydrogen, some hvdrogen diffuses inside. The
hydrogen that has diffused into the bulk platinum will diffuse out when
the elecirode is heated at a higher temperature and for long periods of
time. The calculations are based con the considerations of a diffusion
problem solved by Genshaw and ‘E‘ullenwider1 of this laboratory.

The following boundary conditions pertain to the initial situation,
namely, that corresponding to the initial reduction in hydrogen.

t<0,x=0,c=0
t >0, x=0, C=¢Cy
If one applies these boundary conditions to Fick's second law of'

diffusion and assumes the electrode to be semi-infinite, one obtains

X
¢ = coeric —/=
X 2NDt

where ¢ is the concentration of H in Pt as a function of distance x

and time t; D is the diffusion coefficient of hydrogen in platinum.

26
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The diffusion coefficient at the elevated temperatures was obtained
by extrapolation of the D values determined from 50°C to 70°C and

the energy of activation for the diffusion process.

Derivation of the diffusion equation for H diffusing out of platinum

Boundary conditions;

X
< A o I y ==
t <o.; S, ceerfc AT (D

t=o0,;clo,t) =0 (2)

P
fe{x,ty oc(x,t)
a xt T at (3)

Fick's second law, D
Assume, c(x.?t) =X(x)T(t) . (4)
From equations (3) and (4),

X" (x) T {1) = SXT(1) (5)
where T' and X'' are first derivative of T (t) and second derivative of
X(x) respectively

Dividing both sides of equation (5) by X(x)T(t) ,

i1

>

I
T (6)

ol

L
D
Since x and t are independent variables, X'"/X and T'/DT must equal

some constant, say M\

X' _ I .=
X “pr-* (M
(1) when A% >0;
T . 5
Now <-df =Da'dt InT =D\t +c (8)
(8) can be written as
Dt

T =Cie (9)
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Zcuation (9) is physically absurd because c(x,t) = XT increases beyond

all the boundary conditions as t increases.

Y'"=0; T'=0, (10)

X=Ax+B; T=C (11)
Equations (10) and (11) for the case A\ = 0 are trivial because physically
it is suggested that as t increases, c(X,t) remains constant. This can

be seen as follows.

From (10), (11), and (4) one obtains

c(x) = ACx (12)
Concentration increases with x continuously, which is an impossi~-
bility, and this solution is rejected.
(3) \2<o0;

From (7) one can write

X" = -A%X; T' = -A%DT (13)
X = A'cosAx + B'sinAT; T = c'e'>‘th (14)
c(x,t) = XT

= (A'cosA\x + B'sinAx)C'e Dt

= {(Acos\x + Bsin )xx)e-')\th (15)

x =0, ¢ =0 and (15) gives

32
APt og. ca-o (16)
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2

c(x,t) =Be )\Dtsin,\x (17)
It is seen that A can assume a number of values and each value of
A will specify a given c(x,t). In order to get the entire function cix, ) -

equation (17) will have to be integrated over all the values of \. Thus,

© 22
cix,t) = [ B e Plainaxa (18)

- 00

Now, we have the condition (1) at t = 0,

o0
- X _ _ I
o(x, 1) = coerfoy = = f_co B(\) sin Ax d\ (19)
Now, the Fourier transform is given as
[*0] 1 o0
[f(t) = f g(w) sinwtdw, is transformed into g(w) :;f f(s) sinws ds]
~00 -~00 (20)
Applying (20) to (19),
00
) = EQ X . i g T
B(M) = = foerfczm sinAx dx (21)

From mathematical tables (NBS Math. Handbook, eds. Abramowitz et
al., p. 303), equation (21) is given as

a2
BOY = &1 -7V PRy) (22)

From (18) and (22),

00 N 2
co(x, 1) = ‘—frﬂf L1 - e ™MDty ~ADE ik dh (23)

A
~00

Rearranging (23),

Lo I N 0 . 2
clx, t) =<2 [ SMAX SADE 4y Sy sinhx -\*D(t+to)
T o M LIS
(24)

- So. X ___ %o _X
T Treer'\/F’t TTTreer'\/Dt-l'Dto‘
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= Cop erfE:}i-—B? - coerf mzdﬁ?ﬁ;t—& (25)
Equation (25) is plofted in Figure I.1 for D = 5.3 X 10”% cm? sec™ at
450°C. Do = 9.34 x 1077 cm® sec™ at 300°C, t = 10,000 sec (time of
heating in A); %y = 300 sec (time of reduction in Hy).

To calculate the concentration of H in the electrode. one inte-
grates the area under the concentration profile and compares this area
with that in the case when the electrode is saturated with hydrogen.
The area under the curve shown in Figure 1.1, for the case when the
electrode was heated in argon for 10,000 sec, is 30 ¢cm?. The area -under
the curve when the electrode would be saturated with hydrogen, i.e.,
C = cqp throughout the electrode, is 2 X 10° cm®. Thus, the average
concentration of hydrogen remaining in the electrode after being heated

b

0™ co. If co=10"%g.a. t. cc™?,

in A for 3 hours is about 1,5 %1

c=1.5%10"g.a.t. cc™?,

Reference

1. M.A. Genshaw and M. A. Fullenwider, to be published.



APPENDIX III-II

Variation of capacity with frequency

Variation of capacity with frequency as observed in Argade’s
measuremants is in -qualitative agreement with the measurements of
Borisova and Ershler, ! Leikis and Kabanov2 and Tse Chuansin and Iofa. 3
Also, similar variation of capacity with frequency was observed by
Argade on gold electrodes where one does not have a psuedocapacity
due to reactions and adsorption. | A typical plot for the variation of
capacity with frequency on platinum and gold is shown in Figure II, 1.

In what follows, an attempt is made to explain the small frequency

variation of capacity on the basis of different models.

(a) Pseudocapacity

The dispersion due to the contribution of pseudocapacity to the
measured capacity with frequency which one would expect at 0.27 v in
1073 N HCIlO4, due to adsorption of hydrogen on platinum is calculated
as follows. Following a similar calculation shown in Appendix VII b,
one finds that the:hydragen covenage is 4 X 10™* at 0.27 v, under the
assumption that there is an equilibrium for hydrogen adsorption and

ionization.
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Now
RT
react  TFig (1)
where
i =4x10™%i, , (2)

i the excharnge currert wher €~ 1, is 0.1 Acm~2,

The adsorption pseudccapacity C |, is given by

$

C¢=k"F/RT'8(1 - 0) (3)

where k' is the amcunt of charge neaded for a hydrogen coverage of

4

unity, namely, 2 X 10~* coul cm~%.

The equivalent circuit used is: C¢ and Rre in series together

ct

in parallel with C,, , double layer capacity, i.e.,

dl
-
Cdl
G§> ] Rreact
1] I S—

The resolved paraliel capacity, Cp , and resistance, Rp, are given as

=1 2 22
Cp + Rreactw C¢ + Cdl (4)
R = ey + R (5)
=T aact
P w C¢Rreact react
Cp as a function of frequency is shown in Fig. II. 1. Cdl value used

is taken from the experimeantal capaciiy value exirapolated to infinite
fraquency. There is not 2 ¢ood agreement betwsen our capacitance=-

fraquency plct and that whick ons gete from the valuss calculated

sccording to the pseudocapacitanos hypothesis, Meorsover, the
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expected paraliel resistance variation with frequency according to equa-
tion (5) (i.e., 8 ln R/9 ln w = =2) is experimentally not observed. The
experimental log R vs., log w plot is shown in Fig. II, 2.

This is a qualitative discrepancy which makes us reject a pseudo-
capacity explanation of the capacitance variation with frequency in our
case. This also supports the contention that the observed capacity was

indeed the double layer capacity in Argade's work.

(b) Dipole relaxation in the double layer4’5

Equations have been derived for the effect of dielectric relaxation
5
on the variation of resistance and capacity with frequency.” For the

equivalent parallel R and AC are given as follows:

] 1 LR S
R = oG, {COS ([31r7Z-S[ wﬁ +w,2'f3] + o tan-z— (6)
1-p .
1 2
AC = AcCy + (wte) " sin(pm/2) 7

1+ (w 'ro)z 2B, 2(wTo )l'p sin /2

where T¢ is the mean relaxation time, B signifies the distribution of
relaxation times (e.g., B =0, all T values are equal to T5; when

B =1, there is an infinitely wide distribution of relaxation times);

Ag = & " £y and AC =C =» €4 Co. € is the dieleciric constant at a
given irequency and G is the capacity of the condenser. AC is the
total change in capacity between actual frequency and o >> -r,:,"1 . The
real variation of the capacity with frequency as the fresquency increases

will be referred to the condition w —=90 .
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8AC = AcCy - AC (8)

71
At w << 19 , (7) reduces to

SAC = Asco(m'o)l_B sin (%) (9)
and
-1
To
R = (10)

AeCy wz_ﬁ cos Bw/Z

-(dlogR/3logw) = 2 =B (11)

The dispersion of capacity with frequency on this model is shown
in Figure II. 2, assuming 7o =10~° sec and B =0.9; AeC, is obtained
from Rp vs. w experimental relationship. Also log Rp vs. log f is
plctted in Figure II. 2.

It is seen that the frequency dispersion of capacity is in close
correspondence to the observed experimental variation. The parallel
equivalent resistance variation with frequency is in good agreement
with this model.

Thus, it seems to us that the frequency dispersion of capacity may

be due to dipole relaxation in the doubl e layer.

(c) Electrolyte penetration effect6

Capacitance variation with frequency may be associated with the
penetration of elecirolyte into the annular space between the electrode
wire and the glass mount. An equivalent circuit of a transmission line
has been used to calculate the frequency dispersion of the capacitance

6
due to the penetration effect. It is shown that, for dilute solutions,
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C =Cy, + NG /2ur, (12)

where C is the measured capacity, Cdl is the double layer capacity,
C;y is the capacity per unit length of penetration, and ry is the
registance per cm of the penetration. For a thickness of the film of
electrolyte of 4 X 10~* cm, the r, was calculated as about 8x10° Qcm=!
and the appropriate Co was found to be 1.16 pF cm=2, The calculated
C is plotted as a function of frequency in Figure II. 1. There is a fair
agreement between calculated and cbserved capacity values. Moreover,
the slope (8 log Rp/a log f) on this model is expected to be between
=0.5 and =1.0. The experimental slope is about -1,0, in good
agreement with this model.

Thus, the frequency dispersion of capacitance may be due either
to electrolyte penetration effect or to the dipole relaxation in the

double layer.
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APPENDIX III-III

Capacitance minimum and variation of the concentration of the electrolyte

One of the important characteristics of the capacitance minimum (if
it represents the potential of zero charge) is that it should disappear as
the concentration of the electrolyte is increased.

The capacitance of a platinum electrode was measured as a function
of concentration of the electrolyte: :(a)ckeeping the pH constant and
varying the KC1lO4 concentration in acid and alkaline solutions;

(b) concentration of perchloric acid was varied.

In each of these cases the capacitance minimum was found to
disappear as the concentration of the electrolyte was increased. See
Figures IV, 1, IV. 2, IV.3. Figures IV.1 and IV. 2 show the effect of
KC1lO,4 concentration variation on the capacitance-potential plot in
ph =3 and pH =10 solutions, respectively. Figure IV.3 shows
capacitance~potential plots at various concentrations of perchloric
acid.

If the minima in the capacity-potential curves observed in our work
were due to pseudocapacitance behavior, it is very difficult to see why
the minima in capacitance-potential curves at constant pH of solution
would disappear as the concentration of KClO, was raised.

On the basis of this evidence it seems reasonable that in our
measurements the capacitance minimum did correspond to the potential

of zero charge of platinum.
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APPENDIX IIT-IV

Gibbls adsorption equation in the case of a polarizable platinum

electrode:

Gibb's adsorption equation at constant temperature and pressure,
- =) )I.dga, T, .
dy ; 1d“1+]Z j ¥ (1)

v is the interfacial tension; I''s are the surface excesses for ionic
species i and uncharged species j; @ and p are the electrochemical
and chemical potential réspectively.

HY Nat OH™ H,0

Cu | Pt H,~Pt | Cu' (2)

Cl0, ref. electrode

(2) represents the given system and applying (1) and to the polar-

izable interface of system (2), we have
-dy = (I‘Pt_i_dﬁpt*: + redpe) +
B r
t L0, oo * Ta,0%u,0 (3)
Equation (3) is to be transformed into one with electrode potential E

with respect to hydrogen reference electrode.
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Equilibrium conditions for the Pt phase are

] Pt

bpy = Hpy+ T g (4)
Pt __Cu

B, =R, (3)

The charge q™ (per unit area) is given by

q™ = F(T

ptt l_‘e) (6)

where F is the Faraday, Pt' refers to the positive ionic charge on the

platinum metal. For the metal phase, one can write

- - _ _ -Cu -Cu
Tppt dfpps + T iy = Tppadipy = Tpppdi ™ + T dig (7)
Introduce (6) into (7),
- - = _g™ . _Cu
Tppt dFppt + T dig = Thprdipy - Fdil (8)
For the solution side at equilibrium
“Nac1a, T Pnat T Folor 9
Macio, ~ Put+ t Folof (10)
M0 = Pt T PopT (11)
"NaoH ~For- * FNat (12)
-q°=q™=-F(F, 4+, 4+~ ___-T ) (13)
@ =9 = ot *Nat T ToH" T “clof
From the reference electrode,
Cu?
1 - o
2 by, = Pt + Pe (14)

At one atm. pressure,

- _Cu'
ditpy+ = -dig (15)
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Now, from (3) and (9) to (12), one can write

T i T vy .
Nat Pnat+ ¥ T+ g+ Dog- Yo~ * Toio/ Peiof

=TI d -
Nat%Nac10, ~ 'natucio, T T OH-d“Hzo * Teio00 *uci0,
]_" o + . A - i -
t Dyat It * T+ Ayge ~ Topop APge = Fog- kg (16)

Substituting (13) and (15) into (16) becomes

I

T -
NatNac10. ~ Tnat Pucio, T Tou- a0 *

-Cu'
I - - - -
o100 ®ac10, - Pwat F Tar " Toior ~ Tou-) e
(17)
=TI -
Na+d“'Na01o4 INat d“HClo4 * rOH' dHHzo +
m
q  ,_Cu'
TR AR, Y To0yci0, (18)
Thus from (3), (18) and (8) together give
m
= _ 9 45Cu _
dy = Tpp+dip, — F b+ T+ dyaci0,
_ gq® . _Cu'
Tvat®gcio, ¥ Tog-¥g,o T 7 P ¥
* Poror ®acios © Tr,,0 Me,0 (19)
1 1
dﬁgu - dpgu = Pa(e”" - ¢°Y = Fart (20)

Putting (20) into (19)

Y+ T

Ay = Tpprdipy * Iatdiyacio, ~ Prcio) * Tciof ucio, *

+ qMdEt + T (21)

t Pog-94g,0 1,0 *11,0

: , B} r
Tpet dtpyt * et dinacio, ~ Prc10)) + T o100 acio, *

+ gMdet + T

tr 1,0 1,0

ou-tgcio, ™ *Nacios T Mnaow
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= I 4+ T J N - i
pet py T et Miyacio, T Pacioy T Tolom Mrc1ol

L r (_4 o - 1 "
ou- “Pacio, Ton~ Pnacic, ¥ Tor- Pnaon
C~Mapt — 3
+ g~dET + lHZOGHHzO (22?
- =(T - T r - - -
dy = (Mot = Tou- %yacio, ¥ Fou~ * Taior ™ Tvat dPrcio,
i _di mapt
Flop-Ynaog ¥ @ 9T F o dip + T by o (23
2 r r -
88" m 2o~ *tToior T Tnat!,
HC10. 9q *
when g =0,
Now,
Tou- *Teior = Twat ¥ Tt (25)
Thus, one may write
(__...a__E_-F___) — __(-—8 rH+) (26)
m:
¥ ucio, ¢ 7 OM1G10, "HCIO,
Similarly,
oEt oL oy~ |
G gm =~ (27)
MNaoH ag” FNaoH

Now, assume that OH™ ions are adsorbed to cause the variation

of p.z.c. with pH. Now

7

+ RT
E G=0 Eq:O + T in aOH" cons (28)
where E';mo is the potential of zero charge measured on the reversible

hydrogen scale and Eq~o is that which is measured on the normal

hydrogen scale.
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+
(——q-—aE =0 . (iEL—:O ) rr 2" op- (29)
O NaoH ONa0H Fod%ya0n
ozt L 1 dlna »
BHNaOH qMm=0 RT 9 1In ANaoH Faln a0

As the solutions used were sufficiently dilute (below 1072N in
NaOH), we can use the Debye-Huckel limiting law to express the ion
activity coefficients as

1 1
1nfft = AI® and Inf_=A'I? (31)

Putting (31) into (30),

oE" 9E 0
Ge. ) m o L *
q = 2
NaOH RTO[AI® +InC 4 + Cpy-]
(32)
1
1 9 A'T2 ] 91nC -
2 i 2
8[AT* + InCyy 4+ C -] 8[AI° + InCy 4 + Cppy-]

In our experiments, the ionic strength was held constant and also

as a result, concentration of Na¥ ions remained constant. Therefore,

(—2E .1 (33)
aHNaOH q™=0 RT 9 In COH' F
From (27) and (33)
O, _, :_<arOH_) .
RTalnCOH_ aqm CNaOH F
Or,
9E =0 ~rr | ?%pu-
2InC = 7 | T m e t1 (35)
oH" 9q NaOH |
aqOH_

Thus, when ( - )C is small, and the ionic strength is kept
9q NaOH

s , - RT
constant, the p. z.c. variation with pH has a slope of about -*1;—




APPENDIX IIT-¥

Potential of zero charge determinations by the '"Friction Method''.

A number of investigators have used a Herbert pendulum with a

filcrum made of glass sphere, which oscillates in a f‘i"lm‘of eIectrt)l}}te. 1-3

Bowden and Young used a method to determine the static coefficient of

friction as a function of potential to study the effect of \ads"or’bed'g;aséS‘

on friction between two platinum surfaces.

4

The principle of the method of Bowden and Young® was used to
determine the static coefficient of friction as a function of potential.
The apparatus was designed so as to perform experiments under high

purity conditions, similar to those of the capacitance measurements.

Figure V.l shows the friction vs. potential plot for platinum on

platihum in 0.1 N HCIlO, solution. The maximum on this curve corresponds

very we.ll with the potential of zero charge values obtained by other two
methods in this laboratory, The variation of potential of zero charge
with pH by three different methods is shown in Figure V.2.

It can be seen that the values of pétential of zero charge obtained
by three methods are in good agreement. . This further confirms our

contention that the minimum in capacity-potential plot in dilute
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solutions does correspond to the potential of zero charge ¢n non-

activated platinum electrodes.
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APPENDIX III-VI

Amount of hydrogen present in platinum electrodes used in Russian

work:

It has been well established that hydrogen diffuses into:platinum.
Recently, the diffusion coefficient and the apparent energy of activation

for the diffusion of hydrogen in platinum have been determined.l

-9 2 -1
= 3.4 X : :
Dogeg = 34X 1077 cm” sec and

Ea = 9,6 X 10 cal mole™

The extrapolated value of the diffusion coefficient at room temperature

is found to be

- 4. % 10~1 2 -1,
D27'C 4.57 X 107 cm® sec

In the Russian work on the determinations of potential of zero
charge on platinum, electrodes were either activated or platinized.
The cathodic polarization at 40~50 mA cm™ for 3-4 hours was used as
the initial treatment to platinum in the work of Voropaeva, Deryagin
and Kﬁa’ﬁanov.z Under these conditions, the electrode will absorb

hydrogen according to Fick's laws of diffusion. With the boundary

conditions,

b
"
o
Q
H
o
~+
1
o

»
1
o
o}

!

=Cg, T >0
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and assuming the electrode to be a semi=infinite solid, it can easily be

shown that

Cc = Cp erfcz'\/—:’-f-—-D-—{ (1)
where ¢ 1is the concentration of hydrogen as a function of distance x
and time t, D is the diffusion coefficient. The concentration profile
of H diffusing into Pt is shown by curve 1 .in Figure VI.1 for a time of
10.000 secs corresponding to the cathod pretreatment applied to
platinum by Voropaeva et al.2

‘When the electrode potential is led to more positive potent:als,

the surface concentration will become small and hydrogen will diffuse
out of platinum. Diffusion equations can be worked out for this case,
assuming a linear concentration gradient up to a certain depth of pene-
‘ration which is obtained graphically. See Figure VI.1. Now the

boundary conditions are

c=0,at x=0;t2>20
and
X
C=Co(1-1‘7

where L' is the apparent depth of penetration. The diffusion equation

for this case is found to be

oC 0
_ x 2nl'+x (n+1)2L' -x
C/CO =1 Lt nzo erfc 2@ +n20 erfc ZN/—EE (2)

Using equation (2), c/_co for hydrogen diffusing out of platinum as &
function of distance and time is shown in Figure VI.1 . Curves (2).

However, the actual concentration profiles may be somewhat
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distorted because most of the hydrogen is concentrated on islands and
the transfer of bound hydrogen to free hydrogen is relatively slow.
After keeping the electrode at a positive potential for 17 minutes
so that hydrogen concentration at the surface is zero, there is still
more than 0.6 times the initial amount of hydrogen that went into
platinum during cathodic polarization. This is seen by comparing the
areas under the corresponding curves. ‘Now integrating the concentra-
tion profiles at 3000 sec. and comparing this area with the area as if
the platinum was saturated with hydrogen up to the depth of penetration,
the average concentration comes out to be about 0.14¢co. If ¢y is
taken to be 2.7 X 1075 g atom cc™!, the average concentration is seen
to be 3.8 X 10~% g atom cc~} after 50 minutes of removing H from
platinum. For removal of H from Pt for about 17 minutes the concen-

tration of H in platinum was found to be 8.6 X 107° g atom cc™.
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APPENDIX III-VII

Change in the potential of zero ¢harge because of the presence of

hydrogen:

(a) Dissolved hydrog_e'n

First it may be observed that the value of p.z.c. of platinum ob-
tained by us is more consistent with the work function - p. z. ¢. plot than
the value obtained for the activated platinum (Fig. VIII.1).

Thus, it was thought that the presence of hydrogen may lower the
work function and hence the p. z.c.

In Appendix VI the amount of hydrogen remained inside platinum

was estimated to be about 107° g atom cc™.

Now, if this amount of
hydrogen is ionized, contributing these electrons to the conduction
band, the Fermi level of the electron gas would be raised. Fermi level

of a free electron gas is given by

g 23w <N—)2/3 (1)
F 5'n 2m 'V’
where m is the mass of the electron and ,\*I‘/\:I' is their concentration.
Thus,
N 2/3
(EL) (3)
F'Pt _ _ VPt 2)
(E_),. - _112/3
FPU-H (P

Assuming as a first approximation, 0.30 electrons per platinum
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atom, there are 1.5 X 10%? electrons cc™* of platinum. The number of

electrons contributed by the hydrogen present will be 6 X 10'® electrons
per cc oi platinum. The charge of Fermi energy because of this amount
of nvdrogen will t:e smaller than 10 mV, provided the electron gas model

is applicable to platinuai.

(b) Adsorbed hydrogen:

If one consideras an equilibrium befween protons in solution and
adsoried hydroyen on thie surface, then under Langmuir conditions

0. 0p . lmt F
e 1-e, (‘.»'.F+)o exp (V- Vo) RT

Now, 09 = 0.3, CH"' = 1IN HiO45 Vo =0.2v.

Thus. in 10721 4,504 . the hydrogen coverage, at v = vo = 0.2
volts is 6, 6 << 1,

0 = %-—fx 1074 =0 43 X 107¢ = 0 004

The change in surtace potential because of the additional Pt-H

dipoles is given by
Ay = 4wl

where Ay is chance in surface potential, N is the number of dipoles
per cm® and u is the effective dipole moment. For N =5 X 101 and
n=0,5Xx 10-18 e.S.u., Ay 1s seen to be about 9 mV.

Thus, the presence of hydrogen in the Russian electrodes would not

give rise to the discrepancy in the values of potential of zero charge.



APPENDIX VIII

Activation of platinum and patential of zerc charge

There is a large amount of evidence that suggests that the nature of

» 2,

the surface of platinum changes upon activation, i. e., the structure
of the surface of platinum changes during this procedure. Also, when
the potential of the platinum electrode is held above 1.0 volt, a phase
oxide of platinum is formed.4 The oxide thickness varies linearly with
potential in the range of 1.0-1.6 v (h. e.), from 1A to about 6A.4 When

the oxide is reduced, the oxygen will be converted into water. Namely,

there will be water sitting in the field of a vacancy on the surface of

platinum. An attempt is made here to estimate the change in the potential

of zero charge of platinum when it is activated. One may write,

* m S ma* sk %k
E,-E_ = {x -xr=-{x -x +06x} (1)

m
EZ is the potential of zero charge; * refers to the active state, ¥ and
xs are the surface potentials of metal and solution exposed to vacuum.

6y is the interaction between the vacancy dipoles and the solvent dipoles.

% m ms¥% S S K
EZ-EZ=(x =X )-(Xx -x )-9ox

1]

m m* *
(X =x )= 6x (2)
The solution surface potential exposed to vacuum is the same in
both cases. Further, the surface potential of the metal consists of two
5
terms, namely,
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X - X (3)

m . 11. , .

Xsp is the surface potential due to the spilling of the electrons which is
5 m

isciropic from crystal face to crystal face. Xem is the surface potential

contributicn dependent upon the smoothing of the eleciron distribution due

“r

o the atomic arrangement zt the surface of the metal. For the sake of
argument, let us assume that the surface of platinum is smooth befcre
m

activation, i.e., XS""I =0 and xsp is the same upon activation, one

EYY

has,

E -E =y _ oy 4
z z Xsm Xg (4)

When a vacancy is created in the surface of platinum, electron
distribution around this point will be altered. The electron energy will
be lowered if the electron stays in the potential well of the vacancy.
Thus, the upper part of the surrounding six polyhedra will be positively
charged and the vacancy will be negatively charged, givingrise to a
line dipole with its positive end outwards. See Fig. VIII.1. The dipcle
moment is estimated as follows, The charge in the vacancy is assumed
to be uniformly distributed in the lower part and the positive charge
unifsrmly distributed in the upper half of the six surrounding polyhedra.
Thug, it is seen from Fig. VIII.2 that the charge separation is half the
radius of pelyhedrae, i.e., the radius of a platinum atom. Ia the case

of platinum the numbar of free elecirons is the number of electrons in
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the conduction band, i.e., 0.3 electrons atom=!. Thus, the dipole

moment p of the vacancy dipole is estimated to be

= 0,3 ><-1'74—><4.8x10"'18 e.s. U,

-
|

1.01 Xx10"® e. s, u.

Thus, the surface potential due to smoothing in the presence of
vacancies,

m¥ _ 4mwnp
€

X

The number of vacancies created by the oxide PtO in surface of
platinum is estimated to be one vacancy in every 20 atoms of platinum,
This figure is obtained following a calculation that other vacancies
are stable at a distance of 7A from a given vacancy. Thus,

N = 6 X 10!3 vacancies.

msk
X

41 X 6 X 1013 X 1.01 X 1078 x 300 volts

0.24 volts .

The change in 6x: is obtained as an interaction term between the water
dipoles and the vacancy dipoles and the change it will make in the orien=
tation of water dipoles. This contribution is estimated as follows. The
water molecules will be situated in the vacancy with their negative
dipole towards the metal such that the potential of zero charge will be
lowered.

The change in the surface potential because of dipole reorientation

is given by
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% 4m(Nt - N])
6Xs = - B

Whan Nt - N} =6 X 10'* water mclecules oriented in a particular

direction, n=1.8D and ¢ = 6,

oy = -70 mv

Thus, the total change in the potential of zero charge due to activation
would be

¥e

E -E =0.24v + 0.07
2 2

= 0.31 volt,
Thus, it appears that the p.z.c. on active platinum is about 0,3
more negative than that for nonactive platinum. This is in good agree~-

ment with the experimental values of p. z.c. on platinum,
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Effect of variation of the concentration of KClO, on the shape of
capacity-potential plot for a Pt electrode in a 1.5 X 10™>*M HClO,
solution,

Effect of variation of the KC1Q,4 concentration on the shape of a
C-E plot for a platinum electrode in a solution of pH=10.

Effect of change of the HC1O4 concentration on the shape of a
C-E plot for a platinum electrode.

Friction between two platinum surfaces as a function of potential
in 0.1 M HCIO,.

Potential of zero charge on Pt vs pH at constant ionic strength

at 3 x 10~>M total concentration.

Concentration profiles for hydrogen in a platinum electrode pre-
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VIII. 1.

VIII. 2.

Work function versus potential of zero charge. *P.z.c. values
obtained in this laboratory.

Schematic diagram showing the effect of activating a platinum
electrode: the electron distribution around the vacancy which is
created by the anodic-cathodic activation.

Diagram showing how the charge separation occurs near a vacancy,
giving rise to a line dipole in opposite direction to the electron

overlap.



X @dupysip sa ©9/0 1T 614 ‘ o :

220 810 1’0 oro 000 200

20000
.‘ | —{90000

A 298 0000I= } 01

M, 1-995 pWd, OIXIE'S = @ %

| 99s _wd, 0IXGbHE'6 =°0 o
29s 00¢ =9
— 1000
IIM@\IN jie — IIX\(N J13 = OQ\U

O
'
i



L,

-.|,m> (09 6),wo47 3 *¥OIOH N . Ol Ul 8p01}23|d §d O 10}

.»ocm:cm: jojnbup yym K3190dod jo uoyoilioa Kouenbas} |001dA] [rbid

: . Ol X “/
| _ . _
—I€l
P109 - i
x ="
{ HN)AZI'O
) —s!
“HN) A2€0 | . | S
| _ —1
. - (P109) [0judwnadX3 X
. " J01ADYaq K}100dooopnsad ¢
s o Smtm co:o:mcoa 91Kj0139%913 O g1
" (wnuyoid) 10uaWLIadx3 O
v autdhndie -V - - |O‘|I\|ll|llu|‘l”lwl..|6l - ==
o . ——g==" | Y
(3IHN) A L2 o » o
o=~ wnuijoid

2-W? 47 £3190d0 )

Bl Dl

iy ¢t e o e o



O
~adlog Rp = 1.0
dlog t A
10% |—
® | :
€
(&) . .
- , 3A
G o.Experimental Rp - chcm-z
Q .
@« _ A Colculated B3AC Jo
§ X Experimental
O
»
o |- —-1.4
x
10 | | ] | ]
To M 1o ¥ 10" 10° 10° 107 10°
. Frequency

FigIL2 variation of capacity with frequenc'y and the parallel

‘ resistance with frequency




Capacitonce pFcm-

24—

LIXIO"2M KC10,
 H5XIO® M HCIO,

20—
3.2xI073M KCI0,
+1.5%I10"3 M HCIO4

I8

H§C\O4 solution I.5xl_0;73 M
I5—
| | I | |

400 500 - 600 |

700
Potential (r..h.e.) |

Fig.II.| "




40 //
ST % 8xI0® M KCIO,
X, +10°M NaOH
o 30_ i"
3
"'3_ 5X10°M KCIO,
z +107*M NaOH
o /A/A
a W
O
o .
25—
I07*M NaOH
20 | | I | l

400

450 500 550 600
E (RHE.) mV

FigdI.2

650



Capacity p Fcm-2

- 50

40

42—

38

34

b))

29

27

25

23

b))

I8

6

14

149

X Going cathodic
o Going anodic -

| 3*&5—5/

| |

L3XI02M

o

A\Bxlo-a M
X ‘

IXIO"3 M

400

450 500

Fiq..m:.3'

550
Potential (mV.R.H.E.)

600

.

650

- 700



2k s t e ] - T l e A TE T N
B L U S P g, RS- [ 4 e et e ok

of frictions

L4~

*

b
“4
¥

Coefficient

l'.2—

1.0 L1 | | L
200 300 400 500 600 700

ENHE

' . ' Fig.X.l Platinum on platinum -Friction vs.
- R T Potential o



as o A St i 4

B ]

)

S

e m———

020

OovO

Q
9
o

poyiaw uoldiospo d1uDbIQ X
| poyial uond4 v
poylaw 3djupi1dodo) o

ebioyd os8z jo0 jouua;od



- it of S gon. i

\ ¢

pPO® o

0.9— :

\ - (D Hydrogen diffusing
into platinum
68 L @ Hydrogen diffusing out
: - of platinum '
: - @ : L IR
0-7_ ' o ! ,,v} . )
C
/Co t=600secq
0.6 0 .
@ 7 49
. 0.5-—- 0 @ J , 2
? '121000se
0.4— A N
0.3 4 1=300Q sec
@ . \
- 0.217 p .
[ .
| I 1 1
. 0.00! 0.003 L 0.005 0.007
®

‘Distonce X

hFig.ml‘Concentrotion' profiles of hydrogen diffusion in platinum.

~



Potential of zero charvge (volts, N.H.E';)

P UV PR 0 Y A P U

0.5

0.0~

Lo~

= 1.5

l

l .

3.0

4.0
Work Function (e.V.)

Fig M.l <+ i

50

6.0

BN

! - -
e el s 00 8



/] (a) ‘Before activation

(b) After activation

| ____'_t________- -’..t---—-j- ______ 't ———d e - mewmbh e
~(a) | o) o) o) o} o) o]

(b)

Fig .M lSurface electron distribution before and ofter RS
~activation of plotinum, ' |



.".
|

] line dipole

: . ..
;.

| v,
The fength ot dipole ,={ o+ (-L)? }/zsln 8
/5 :

2 .

o~ = r sin@

——

T2 2
=L
~ o R

FigVIl. 2 Charge separation in and around~the vacancy.

e il

!

TREL 4B R ek W



SECTION IV. TRAJECTORY OF MOTION AND THE POTENTIAL ENERGY BARRIER

FTOR AN ICN IN AN IONIC LATTICE MOVING UNDER THE

INFLUENCE OF AN ELECTRIC FIELD

CONTENTS

. Distribution of charge in a lattice

Dimensions of the space from which appreciable contributions to

the field strengths are obtained

. Positioning of atoms at different points in the lattice

Coulomb field in the lattice
‘1) the exact solution
ii) the Schottky~Jost approximation
iii) the Mott=Littleton approximation

iv) the third approximation

. Repulsive energy interactions and the repulsive field strength

Estimate of the repulsive constants from the known data on ion to

ion interaction

., Moticn of an ion in motion through the interlattice space
8.
9.

10,

The computer program
Choice of units

Program illustration

Appendix A: Work of assembly of a system of charges and dipoles

Appendix By Correction to repulsive energy constants for small dipole

moments



67

The potential energy of a moving interstitial ion in an open lattice
BELEY! . . . .
wr[h fixed network is determined primarily by two factors:
a) The eleciric field due te the lattice ions, including peolarization.effects,

b) The short-range repulsive force between the moving ion and its neighbors.

1 Distribution of charge in the lattice

The first problem encountered in the attempt to assess the coulombic
field is that of the amount and distribution of charge over the atoms in the
lattice. The mobile atoms in the open structure systems (interstitial ions)
are usually taken into the lattice in order to compensate for the stoichio-
metric disbalance among the atoms constituting the lattice. Ionizing, they
give away the charge to atoms which need it in order to fulfill valency
requirements. Thus, in alumino-silicates the interstitial alkali atom gives
away an electron to an aluminum atom to complete its octet.

Hence, in the first approximation one could assume that the charge
opposite to that of mobile ions is located at the aluminum lattice sites.
However, this approximation would rather poorly represent reality since
atoms attract electrons with different power as expressad by Pauling's
electronegativity of atomic species.

Electronegativity of atomic species is related to the amount of the
ionic character of a single bend between atoms A and B, with electro-

negativity X, and X_, respectively.

A B’

Amount of ionic characiaes

=3
[
!
o
—_
[
~
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For the distribution of charge it is necessary to know the bond length, as
well as the character of bonding. The length of a single bond between
atoms A and B can in most cases be reasonably well calculated by use

of the atomic radii Ty and rB (as given in tables) by the equation

D(A - B)=r1, +1p -vcle -‘bi (2)

(c is the Schomaker=-5Stevenson coefficient),

This equation gives the interatomic distance smaller than the distance

should be according to sum of atomic radii of atoms A and B, if the
A-B bond has some ionic character. If the actual distance between A
and B atoms is even smaller than calculated according to equation (2),
the remaining shortening is attributed to partial doukle-bond character
of the bond.

The amounf of double-bond character to be expected is computed from
the principle of electroneutrality (1).

The percentage of ionic character of A-B bond that corresponds to

the difference in elecironegativity of the atoms would place a belonging

negative charge on more electronegative atoms in molecules. This electric

charge would be reduced to zero if each bond has a corresponding percent

of double-bond characters, If each bond has the amount of icnic character

corresponding to the elecironegativity difference of the two atoms, the
percent of ionic bond character times the number ¢f bunds gives the value
of positive charge transferred to the less electronegative atom., The.

additionzal shortening of the bond due to the double bound character gives
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a bond number and the percent of double~bond character. The percent of
double-bond character of each bond multiplied by number of bonds gives.
the amount of negative charge transferred back to less electronegative
atoms. The difference between positive and negative charge gives the

residual charge on the less electronegative atom,

2, Dimensionsg of the space from which appreciable contributions

to the field strength are obtained

The limits of the space can be set up at points beyond which the sym
of contributions to the field strength of all the points of an infinite lattice
falls below 1% of the total field strength.

Equations (3) gives the electric field from a unit positive charge at
a distance ia, a is the average distance between unit positive charges
in the lattice and ¢ is the average dieleciric constant.

eZ

gi®a’

AT = (3)

If assumed that positive and negative charges are distributed peri=

odically, the limit is determined by the condition

n o2 e? ® e? o?
E {Eaziz - aZ} > 100 Z {—=5= -~ 5 } (4)
. . . €a’l , a
i=1 glai + <) i=n+l ge(ai+ =)
2 2
It follows that

n )

1 1 1
LAg - g 200 ) {5 - o) (5)
i=1 2 i=n+l 2

This condition is fulfilled for n > 5. Hence a cube caontaining > 103
pairs of charges around a central ion has io be tzken into account and

this is independent cf charge on each ion or of dielectric canstant.



70

3, Positioning of atoms at different points in the lattice

All interactions are some function of the distance between an atom
in the lattice and a point of interest.

The position of the atom is described by x, y, and z value in
respect to a reference point. It is practical to place this at one corner
of one unit cell of the lattice. Then, atoms of the same crystal lattice
position in any other unit cell will have coordinates which are simple
sums of the coordinates of the original atoms and numbers characteristic
of the position of the unit cell as a whole. These numbers are simple
multiples of unit cell dimensions. Such an atom is considered in a unit
cell which is four unit cells away from the origin in the x-direction,
two unit cells in the y-direction and is on the x axis, the coordinates
of that atom should be

, (2 )
(4ax+x) (ay+y) z

where aX and ay are the unit cell dimensions along x and y
respectively and x, y, z are the coordinates of the corresponding

atom in the basic unit cell.

4., Coulomb field in the lattice

In a practical computation a model is assumed for the charge
distribution within the lattice. The volume density of charge for
each ion is represented by a monopole and dipole. The influence of

a nearby charge on the volume density is taken into account only by
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a multiplication of the dipole moment. The charge centroid of a lattice
ion is ceonsidered to remain fixed cn the lattice site. In this model
solutions may be formulated for the electric field acting on a mobile
interstitial ion, which take into account with varying degrees of approxi-
mation the lattice seli-attraction and the interaction between the lattice

and the mobile inn.

i) The exact solution

A charge Zje at lattice site j which is a vector distance ajs

from the point s causes an electric field at s whichis

-—>C Z‘e —
FC = = a (6)
S ajS )]s

The dipole at lattice site j contributes the field

3-—> — . — —

—D ajs(u. a, ) By
F == 5 - - 3 (7)

s a’ a;

js js

In these equations the vector a is taken to point from j to s.
The total electric field strength at point s from n lattice mono-

poles and dipoles is

e S L s Pis M CL e I
Fg 7 Z {a:" 'ajsT[ a’ - a:"]} (8)
i=l is is is

The dipole moment of an ion is not fixed but is induced by the net
electric field at that site, excluding of course the field due to the ion
itself. If the net field defined this way is denoted [Fk], rand if the

polarizability of the ion at site k is @ the dipole strength will be
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iy ak[Fk] (%)
[Pk] is found from squation (8) by letting point s coincide with lattice

site k and with the sum excluding k. Together (8) and (9) form:a
system of 3N linear equations which determine the dipole moments due

to the lattice self-interaction.

n Z.e 3;. (;:. . ;. ) :

- i = ik ko

My T % Z {;’”' 3 ¥ L érr’J — - a’ 1} (10)
j=1 jk ik ik
j#k

With: the large numbers of atoms that have to be taken into account
for a good approximation, an exact solution utilizing a present-day com-
puter is likely to be prohibitively long. Hence, further approximation

must be made.

ii) The Schottky-Jost approximation.

As a first approximation it can be taken that point charges in a
crystal lattice are exerting a Coulomb force through a medium of
uniform dielectric constant &, as assumed in the early works of
Schottky and Jost: (2, 3). Thus, at any point in the crystal the field

strength would be

Fs T e z a;S " %s (11)

This approximation bypasses the problem of dipole induction but
is rather unsatisfactory, since the largest portion of the field strength

is created by the interactions with the first neighbors of the point s,
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and these interactions are effected through emptiy space, i.e., with

e =1 . (12)

iii) The Mott~Littleton approximation

All the atoms in the lattice are divided into two blocks, (a) the
moving ion and the nearest neighbors (1,2,3,..., M), and (b) the rest
of the atoms in the lattice space (M+1, M+2, ..., N) —the so-called
distant atoms.

The polarization effect of the group (b) is taken into account by
considering the charges outside the nearest neighbors sphere not to be
in a vacuum but rather in a dielectric with a macroscopic dielectric
constant €.

The field at any point within the block (a) consists of

i) The field due to distant atoms acting through the dielectric,
ii) The field due to the charges inside the block (a) acting in vacuum,

iii) The field due to the induced dipoles within the block (a).

Thus,

- 1 & Z.e _, M Zje . 3ajs(pj- ajs) I,

Fo=o ) mra+ ) e v [RF - 1) (13)
=M+l “js ji=l is js js

Introducing (13) into (9) one obtains 3M equations with 3M dipole
moments in the moving ion and the M nearest neighbors., With the known
dipole moments, equation (13) can be used to find the field at any point s.

This method has the disadvantage of emploving the value = whichis
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not known for all the crystal species of interest and whose validity for a

microscopic space of a.few unit cells is questionable.

iv) The third approximation

An approximate solution to equation (9) for the dipole moments of the
entire-lattice segment may be obtained by iteration. Suppose the dipole
moments on the right side of (9) are initially zero. Then the sum over
the lattice should give an induced dipole at each lattice site due only to
the monopole terms. This set of dipoles would then serve as input to the
right side of (9) to obtain an improved estimate of each induced dipole
on the left side. The procedure would be repeated until a satisfactory
level of stability of successive dipole moments was achieved. To
assist faster convergence, the monopole field in the first pass might be
reduced by a dielectric constant as in equation (1i1). This will take
into account the tendency of dipole induction to reduce the monopole
field strength.

This procedure will give the dipole moments for any position of the
mobile ion; however, it calls for a complete recomputation as the mobile
ion is moved around the assumed starting posifion. It is more efficient
to make a further approximation in the spirit of Mott and Littleton. As
the mobile ion is moved away from the initial position the nearer dipole
moments are revised but mot. the farther. Thus the 3M equations repre-
sented by (15) which were freated in the first iterations are reduced to

a subset for the 3M nearest neighbors of the mobile ion,
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R o =-—> . 4
wo = a [F] (14)
and
M Ze 33 (b2 ) n
1= - s i ds ]
[FJ= 2 {3 +[—5 1}
j=l Tjs js js
j;ts — —_— —
n Z.e 3a, (p,-a,) I,
j —- s s
+ Z {a3 .ajs+[ - als ! "ala 1} (15)
=M+l Tjs js js

The subscript s is used in (15) to indicate that the equation is to
be applied not only to the ions on lattice sites but also to the mobile ion.
The first sum in (15) is over the nearest ions; at each position of the
mobile ion the dipole moments in this sum are to be revised. For the
farther ions in the second sum the dipole moments remain constant.

The revision of the nearest dipole moments would probably be carried
out by the same iterative principle applied to equation (10). With the
new dipole moments (15) supplies the field acting on the mobile ion at

its new position.

%
5. Rvepulsive energy interactions

As the ions are brought closer together, so that their outer electron
shells begin to overlap, repulsive force becomes operative. It is the
repulsive force that opposes Coulombic attractive force between a positive
and a negative ion, and causes them to come to equilibrium at a finite

value of the internuclear distance,

£
After M. Tosi: Cohesion of Ionic Solids in the Born Model (3).
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The repulsive potential falls off very rapidly with increase of inter-=
ionic distance r. Born suggested that it could be approximated by an

inverse power of r, so that the mutual potential energy of two ions

could be written as:

E .= + 5! (16)

where the second term is the repulsive energy.

The potential energy of the crystal can be written as

22 2
E = _Ae Z + Be (17)
R Rn

where A and B are constants for a given crystal (A = Madelung
constant). So, the corresponding contribution of the repulsive energy

to the lattice energy is

2
oo = Be. (18)
P rl‘l
Born and Maver adopted later a potential function of the form
E =D exp (&) (19)
rep °

where the new constants b and p replace the former B and n.
In order to retain the consistency with approximate additivity of
interatomic distances, the repulsive potential, which in the case of

univalent salts equals the repulsive potential energy, is expressed as

(ry +1r; ~1)

E =C, , be P 20
rep(r; ;) b? (20)
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where r is-the distance between two ions, 1 and 2, r; and rp "observed"

radii of cations and anions, and constant C, , is given by Pauling as3

Cro=1+4 24 & 21
1,2 ~ Nl :N-2 ( )

where 7, and Z, are ionic valencies (i.e., the total charge in units of
electronic charge), and N; and N, are the numbers of electrons in the
outermost shell of either.

If the total repulsive energy, as a function of a nearest-neighbor
distance r, is written in the form of equation (19), the evaluation of the
lattice energy of an ionic crystal requires the determination of two
repulsive parameters. This follows from considering only the Born re-
pulsion of the first neighbors in the crystal.

Taking account of the Born repulsions of the second neighbors, the
contribution of the Born repulsive energy to the lattice energy per mole-

cule can be written

- 1 ~r'
E = Mbi, exp (=) + s M!'(by; + by,) exp (— 22
rep 12 p( o ) 2 (b1 22) p ( o ) (22)

where M and M' are the numbers of first and second neighbors, r' is
the distance of the second neighbors.

Two basic assumptions are involved in equation (22). First, the
repulsive energy of the crystal is written as the sum of two~body repulsive
energies (this can be only approximately true as the many-body contri-
butions to the Born repulsion arise from many-body overlap). Second, the

hardness parameter is assumed to be independent of the ionic species:in
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a given crystal. The evaluation of the repulsive energy of an ionic crystal
still requires the determination of three repulsive parameters: M;,,
M'(by; + by,), and p.

The number of independent parameters in a family of salts of given
structure can be reduced and individual parameters can be determined by
taking account of the approximate additivity of the interionic distances.

This suggests that interionic distance can be expressed as
r=r+r,+ A (23)

where r; and r, are characteristic lengths of the ions 1 and 2, and
A varies slightly from crystal to crystal in the family.

The parameter b,, is usually written in the form:

(r; +13)
blZ = cl,z b exXp [—p—_—] (24)

where b is a parameter constant in the family of salts and the coefficient
C,,2 is the same as before (see equation 6).
A plausible extension of the expression (24) to the second-neighbor

repulsion leads to the Born~-Mayer form for the Born repulsive energy;

(ry +r; = 1)

Erep = MC],Z b exp [ o
) 2r, 2r, -r
+ zM'b[Cy, exp (S + C,, exp (T)]exp (5 (25)
By regrouping of terms and by defining
O o
by=b exp(;-) and b, =D exp(;) (26)

one gets the Higgins-Mayer form for the Born repulsive energy:
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0]

E =MC,,; byb;
rep

=r -r
%p (%) + MUC b + Cyp bY) exp () (27)
Agaimn, the characteristic perameters by, and b, and p can be determined
by a simultanecus fit for all salts in the family.

In the first approximation let us consider only the first neighbors.

Introducing equaticn (20) for Erep in the equation (16), cone gets:

7 7 e
- ry +r, =¢
E = i;— + Cy,2 b exp ((‘—p"—)) (28)

The effect of mutual dipole induction is to add a term which tends to
decrease the magnitude cof the electric potential energy. This addition is

discussed in the appendix.

6. Estimate of the repulsive constants from the known data con

ion to ion interactions

To evaluate two Born constants one can postulate two equations in
which those constants are the orly unknowns, for a system similar to
the system of interest inasmuch as the same type of bond is involved,
for which the required experimental data are available.

Thus, data can be found for the energy of formaticn and the equi-
librium distance between the ions for the compound in the vapor phase
containing the same type of bends.

If, for example, the energy of formaticn of sodium oxide vapor is
known, the figure for the total poterntial energy cai be found from these

data with some additionzl consideration. Namely, the potartial energy
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is equal to the work needed to bring together from infinity to the equilib~
rium distance the three ions composihg the oxide. If the standard enthalpy
of formation of the oxide (AH?bx) is known as well as the standard en-
thzlpies of forming the ions from the same reactants (e. g., metallic

scdium and molecular oxygen), z AH(i)on , then

= AH® - ) AaH° , 2
E Hox ZHion (29)

which is the same potential energy as in equation (28).

The potential energy equation (28) is to be evaluated at the equilibrium
distance rp, which again is an experimentally available parameter. This
is determined by the balance of the repulsive and attractive forces.

The forces which ion 1 exerts on ion 2 are

—— B L A
frep = - grad Erep =5 Erep o
T = dE = ZiZ5¢" o Le? 30
c " -oradkE =757 rm = “E n (30)

A
where r is the unit vector pointing from 1 to 2, and Ec is the Coulomb
potential, dipole contributions not considered. By balancing the fcrces,

one obtains

CE
o =g - s (31)
ZlZZGL

_ pZ1Z, € (ry + 1, = o) .
Ci2b = =—=— exp (- ———) (32)
Yo r

These equations determine the range p and the scale b of the repulsive

potential.
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7. Motion of an ion in motion through the interlattice space

(2) The energy approach. The prcbability of finding the ion at an
pcint in the lattice is a function of the potential energy of the ion at

that point.

(b) The field approach. The energy required to reach any new positicn

in the lattice can be determined by a line integral to that point.

The two approaches have similarities and each has its difficulties.
The similarity is that each requires a re-evaluation of the lattice dipole
moments as the ion is moved from position to position.

In the energy approach the mutual dipole induction between the
mobile ion and the lattice leads to a modification of the potential energy
expraession which has not been completely solved (see the appendix).
However, an approximate expressicn has been derived (A-7).

In the field approach an approximate line integral replaces the
expression for the potential energy. The line irtegral could be carried
out systematically from a three-dimensicnal field map using small steps
away from the central reference positicn of the mobile ion, uatil the
desired energy contours were mapped.

The energy approach is a simpler starting point for practical compu-
taticni. As approximate results are obtained, the magnitude of the higher
dipocle corrections can be estimated and included if necessary.

The contribution to the electric potential energy of the charge Zse

by the fixed dipole p.j is
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ED -z e 4512 (33)

Scme of the dipole moment p is induced by the charge Zse . For this
portion of the dipole moment a correction to the energy is to be added as

discussed above and in the appendix.

8. The computer program

A computer program is being written which is to produce potential
maps for a mobile ion moving in a crystal lattice. The program crganization

is as follows:

(B) A series of operations which generate lattice coordinates ocut of a
unit cell, and establishes ionic charges, susceptibilities, and repulsive

energy constants.

(b) An iterative procedure to obtain the dipole moments in the entire
lattice, for the starting position of the mobile ion, as described in

Section 4 —the third approximation.

(¢) A procedure for recomputing the energy of the ion as it is moved
around in the lattice cavity, with the additional approximation described

in Sections 4 and 6.

9. Choice of units

It is convenient to choose units which will give the potential ensrgy

~ ¥
L

“+

ke ion in the order of unity. Such a system is:
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length ajs in angsiroms A

charge Ze in unit electron charge +e

susceptibility « in A?

2
repulsive potential b in =

>d @

In these units the calculated dipole moments and fields will have units
given by

dipole moment p in &

electric field F in %‘z-

aud an expression for the potential energy of an ion of charge ZS in the

presence of fixed electric and dipole fields and the Born repulsive field is

2.2, i3 (rirz = a;.)
E =Z{—l+z 415 ¢ pexp——It (34)
s j ajs S ajs js p

2
. , , e
This expression has units of =

A
To cobtain the potential energy in kcal/mole, the resulting energy

should be multiplied by a factor of 3.3 X 10% .

Typical values for the constants might be:

Z, =+1
j
7 ==1
S
r; = 0.95A
1’2 = 1.4A
p = 0.3333A
82
b = 0.0465 ()
C,.=1.

is
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It should be repeated that the dipole potential in equation (34) is

approximate and subject to the conditions specified for equaticn (33).

10. Program illusiration

The following contains the listing and output from a simple program
which illustrates some of the techniques discussed in the text. The
program (Figs. 1 and 2) prepares and prints a potential map inside cne
cell of a simple two=-dimensional lattice (Fig. 3). The lattice taken as
an example consists of two unit cells each five angstroms square with
a cirngle negative charge at each corner of each cell. The potential
which is computed is for the electric monopole force and Born repulsive
force acting on a singly-charged positive ion.

Qualitative features of the obtained map (Fig. 3) are a region of
equilibrium (energy minimum) near the center of the unit cell and a
potential hill of 14 kilocalories per mole near the boundary between the
cells. The bottom line on the map is the boundary and the second urnit
cell, not printed, joins along this line. Distances from one corner are
labelled in angstroms along the edge of the plot.

The potential energy barrier (Fig. 4) for the jump of the mobile ion
from one position of minimum energy to another is extracted from the map
by pletting the computed potential energies vs. distance from a center
point in the middle between the two unit cells, zlong the minimum energy
pzth, which is the verticil lire cannecting directly the two potential

erorgy minima and the center point.



85

The application of the full program to some three-dimensional lattices.

of certain real crystals is in progress.



APPENDIX -IV-A

Work of assembly of a system of charge and dipoles

If the dipole on one ion is induced by a second ion, the poten=-
tial energy of the system is not the same as if the dipoles were of fixed
strength., An expression for the potential energy can be obtained as
the ions are brought together from infinity.

The monopole and dipole fields on ion -2 from ion -1 are

F, = 3z (A-1)
—=D 31y, (m - L.
F,o = Zellfel gy (A-2)

The vector r,, is taken to end at ion -2 and start at ion -1. If ion

-2 has no dipole moment, the field acting on ion -1 is

- —

F,= 4, (A-3)
with r,; = -r;, as defined above. The dipole induced on ion -1 due

to the external field acting on the ion is

b= ofF, (A~4)
Equations A-2 through A-4 are a linear system similar to equations

(8) and (9) in the text, but for only two ions. The solution, easily

obtained, is

— o q e _
BbooE "‘1;.'32— 12 (A=5)
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If the two ions are brought together from infinity the induced dipole
acts in a way to decrease the work done, but the contribution is not as
great as if the dipole were of the same fixed strength as its value when
the ions are closest. The work done on the second ion against the
dipole field is computed from a line integral:

r —»
uD f q;FQD -dr
o0

e
-a% A-7
4r

1l

il

In the preceding derivation the ion on which work of assembly was
done was considered unpolarized. If this ion has a dipole moment pro-

duced by the field from the other ion, the equations to be solved are

F; 9-‘*; ¥ —&’-—“ru A-8
Fx = ﬂz;;l + _Ez—nrn A-9
0y = arF A-10
vz = aaFa A-11

The solution for the field magnitude at ion 2 given an increased

value relative to the solution (A-6):

4

The potential resulting from such a force law is not amenable to

simple computations.



APPENDIX IV-B

Correction to repulsive energy constant for small dipole moments

Summarizing the resulis of the previous calculations, if an ion of
charge q, and small susceptibility «, is considered stationary with
its charge center coinciding with its induced dipole center, an
appzjoaching ion of charge g3 and small susceptibility is acted upon by

electric monopole and dipole forces of strength

M =9-;~§2 A-13
2
i - _%1511 A-14

The contribution of each force to the potential energy of the system

is
M - — A-15
D aquz
E = e 2r4 A—].6

The repulsive force and potential on ion -2 is

R

£ = kexp(:p—r) A-17

L
P

k is the combination of constants given in the text:

k =clgbexpm%ﬁ A-19

The solution for p and k {~onseguently k) requires knowing:

88
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ro = equilibrium distance of the positive-negative ion pair,

E = potential energy of system at ro, which is equal to the energy
released as the charged ion pair approach each other from
infinity to rp.

The expressions for p and k are similar to formulas in the text

modified by factors involving the ratio of the dipole potential to the

monopele potential

e (2, A-20

Having evaluated this for the ion pair, then

D,.M
pzr{l + E-/E -2 E { 1D M} A2l
1 +4ED/EM Dl 45V /E
2 2
k = {g.:%u_ 'gligq‘}pexp(ro/p) A-22

Equations (A-20) through (A-22) are unsymmetrical in appearance
with regard to the susceptivility of the two ions, since a; does not
appear. This is due to the approximation in which one of the dipole
fields is neglected. Therefore in the application of the equations to
determine the repulsive constants the larger of the two ionic suscepti-
bilities should be used.

The range of validity of the small dipole approximation is inherent
in the original equation (A~14), in which the dipole is considered to be
located at the charge center of the ion. The susceptibility «; measures

the effective atomic volume in which the charges separate to give rise
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to the dipole moment. The dipole will be near the center of the atom

provided

al/rg << 1.

In other words, the distortion of the electron cloud should be small
with respect to the distance of the other ion.
By equation (A-20) this is equivalent to requiring the dipole poten-

tial to be small with respect to the monopole potential.
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Fig. 1.
Tig. 2.

Fig. 3.

Fig. 4.

CAPTIONS

Sample of the program (Part I)

Sample of the program (Part II)

Potential energy map as printed by the computer with
equipotential contours traced out.

Potential energy as a function of the distance as extracted
from the map; AGG*-activation energy barrier for the motion of

the poslitive ion from one interstice into another in the two-

dimensicnal model lattice.
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SECTION V. DENDRITE FORMATION ON. ZINC ELECTRODE

The work of this section is being submitted as an appendix, a

separately bound volume.
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SECTION VI, REVERSIBILITY OF ORGANIC REACTIONS

A. Theoretical

1, The use of organic compounds in high energy secondary batteries

For a high energy battery system one desires a maximum number of
electrons transferred at a maximum potential difference for a minimum
weight of reactant. For the hydrogen oxygen cell two electrons are trans-
ferred for a molecular weight of 18. For an organic reaction a similar
energy density may be obtained if one electron is transferred per carbon
atom or its equivalent.

Some organic reactions are known to be electrochemically reversible
(hydroquinone): other reactions, although not reversible in the kinetic
sense, may be reversed electrochemically, as for example formate~
methanol, Thus, in seeking high energy secondary batteries, organic

reactions should also be considered.

2. Types of reactions desired

The type of reactions desired is that in which a large number of
electrons are transferred for areaction involving a relatively small mole-
cule. A number of such reactions are summarized in Table 1. In choosing
systems for investigation, one must also take into account the possibility
of undesired side reactions (polymerization, cleavage) which prevent the

reattaining of the initial compound.
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@
TARBLE 1. Thecretical ampsare haor dansity fo0 varicus reactions

&

Reaction
R = CH, R = &
RNH, = REN + 4H' + 46 1420 ——
R(NH,)s + 6H,0 == R(NO,); + 18H  + 18¢ 1349 980
R(NH,), + 4H,0 = R(NO,), + 12H' + 12¢ 1730 840
RCH, + 2H,0 == R-COOH + 6H" + 65 1150 590
RNH, + 2H,0 == RNO, + 6H' + €& 1130 580
RCH,NH, + H,0 == RCONH, + 4H' + 4e 800 400
RSH + 3H,0 = RSO.H + 6H + éc 740 460
o R,S + 2 H,0 = R,SO, + 4H' + 4¢” 510 227
Pb + 2H,O ~ Pbo, + a8’ + 45 z— O—E; -------
Ag + H,O = AgO + 2H + 2o 200
Hg + H,0 = HgO + 2H' + 2¢” 116
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3, Mcdification of reaction rates

With crganic rzactions one has the possibility of tailoring the com-
pound to give desired properties. Thus by adding suitable substituents
the kinetics of reactions may be greatly changed. This is not a hypo-~
thetical possibility but has been shown to be a real effect. This is

shown in the frequent use of the modified Hammett equation.

! =P :+ !
E PO, E%

|~

wherse E% is the half wave potential, p is a constant for the reacting
group, o is the total polar constant characteristic of the nature and
position of the substituent and E%_ is a constant. This relation has been
shown to be followed in a number of reduction reactions. As an example,
let us consider the reduction of aromatic aldehydes. In Table 2 the
dependence of E_;: on substituent is given. The change in E% is about
0.2 V which, assuming a 2RT/F Tafel slope, is two orders of magnitude.
A general trend for a more positive E% with the more negative values

of ¢ is evident.

Such changes might be attributed to changes in the reversible
potential for the reaction. Unfortunately, tabulaticns of the thermo-
dynamic data for these systems are not available. However, data for
the reversible potential of thenitroso=hydroxylanine couple fora number of
substituents are available {Table 3). It is apparent that the changes
in reversible potential are much smaller than the changes in E;. Here

2

again, a fairly systematic variation of E® with & is evident.
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TABLE 2. Effect of substituents on E,; for benzyldehyde
2

at pH 1.4 in 33% ethanol

1 2
R E% o

OH -0.56 -0.357
N(CHjs), 0. 63 ~0. 600
H -0. 64 0

CH, -0. 66 -0.170
C,Hs -0. 66 -0.151
C4Hy -0. 67 -0.161
C;Hy -0.70 -0. 268

OCH, ~0. 72 -0. 268



TABLE 3. The reversible potentials for the substituted

nitrosobenzene-hydroxylamine cduple

R E® c?
4-COOC,H 0. 613 0.522
3-Cl 0,583 0.373
H 0.582 0
3-CH; 0.579 -0. 069
4-Cl 0.576 0. 227
3-OCH; 0.573 -0.115
4-CH,; 0.567 -0.170

4-OCH, 0. 554 -0. 268
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For a variation of substituents given in Table 2 on the half wave
potential for the reduction of benzaldehyde, only two orders of magnitude
variation in reduction rate was found. Since the reaction is very irreversible,
an increase in rate of many orders of magnitude is required to make it
reversible. When heterocyclic aldehydes are considered, a much larger
variation in E% results (Table 4). Here a variation of 1.05 V has been
observed. Again assuming a 2RT/F Tafel dependence, this corresponds
to a change in rate of nine orders of magnitude. With the more active
rings, the reduction reaction approaches reversibility.

For the oxidation of the reduced compound, the picture is not clear.
Relatively little work has been done on the anodic reaction when com-
pared to the reductions at the dropping mercury electrode. A simple
interpretation of the dependence of half wave potentials on substituents
is that electron withdrawing groups promote the reduction. On this basis
for oxidation reactions, the converse should be true. Some evidence ™’
indicates that this is true. However, if a reaction can only be made
reversible in the cathodic direction, by the principle of microscopic
reversibility, it must also be reversible in the anodic direction. Thus
a truly reversible system would be expected. The apparent contradiction
here may be resolved when one considers that substituents have effects
other than electron donating or withdrawing. These include steric and
mesomeric contributions. As an example, where the E% was made more

anodic with a concurrent decrease in the potential of oxidation at Pt the

7
oxidation and reduction of the cyanines may be cgnsidered. With an
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TABLE 4. Half wave potentials for reduction of

some heterocyclic aldehydes

Aldehyde E% pH
2-furanaldehyde -1.33 3,6

benzaldehyde -1.03 3.0
2-thiophene aldehyde -0. 55 3.6
2-pyrrol aldehyde -0.95 3.1
2-pyridene aldehyde -0. 44 2.0
2-thiazole aldehyde -0. 40 2.0

2-quinoline aldehyde -0.28 3.0
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increace in the number of methyvlene groups separating the rings from one

to seven, the E, increased by 0.72 V with the oxidation poterntial

[

decreased by 1.01 V. Thus it is possible to simultanecusly increase
both cathodic and anodic rate constants. Thus, the concept of tailoring
compounds with the desired redox properties has scme confirmation by

experiment.

4. Suggested future work

For future work the oxidaticn kinetics for a system known to be
relatively rapid for reduction will be studied to determine if the rate of
reduction is increased. The system to be studied in the immediate future
will be the substituted pyridines, e.g., the system of 4-COQOH, 4-CHO,
4-CH,0OH, 4-CH,; attached to a pyridine ring. The oxidation and reduction
kinetics for each stage of the reaction will be determined so that a com-
parison with the benzene analog may be made.

Further future work will be done with other compounts and with

different electrodes.

B. Results and Discussion

1. Compounds studied

During the last period of time we have investigated the following

crganic compounds by means of the potential sweep msthod:
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1072 M benzenehexol, Cg{OH})s, in 0.1 N H,SO4 at Pt electrode

102 M benzenehexol, C,(OH),, in 1.0 N H,SO4 at Pt electrode

10-% M cyclohexanehexcne, C¢Oy, in 0.1 N NaOH at Pt and Hg electrode

5.1072 M C¢Og in 0.1 N NaOH at Hg electrode

10=3 M C¢O¢ in 0.1 N H,SO,4 and 1.0 N H,SO, at Hg electrode

10-3 M rhodizonic acid, C¢H,04, in 1.0 N H,SO,4 at Hg electrode

10—,3 M tetrahydroxy-1, 4-quinone, C¢H4Oq, in 1.0 N H,SO, at Pt electrode

102 M ethyl sulfone, Et,SO,, in 0.1 N H,50, at Hg electrode

10~% M tetramethylene sulfone, TMSO,, in 0.1 N H,SO, at Hg electrode

1072 M tetramethylene sulfoxide, TMSO, in 0.1 N H,SO, at Hg electrode

10-2 M 2, 3 dimethyl-1, 4-benzoquinone diazine in 0.1 N H,SO, at Hg electrode

10~2 M 2, 3 dimethyl-1, 4-benzoquincne diazine in 1.0 N H,SO, at Hg electrode

10~* M 2, 3 dimethyl-1, 4-benzoquinone diazine in 1.0 N H,SO, at Pt electrode
(After polarization at -600 mV (Hg electrode) vs. SCE during 6 hours. )

10~2 M formaldehyde in 0.1 N NaOH at Hg electrode

10-! M formic acid in 0,1 N NaOH at Hg electrode.

2. Cyclic hydroxy ketone

The electrodxidation of C4(OH), (benzenehexol) in 0.1 N and 1.0 N H,SO4
at Pt electrode occurs with three well expressed peaks in the potential range
between 135 and 700 mV vs. SCE in course of a different sweep rate
(4-900 mV/s). See Table 5.

The analysis of recorded curves shows that current peak dependence

on the sweep rate at the potential of the first peak is clese (Fig. 1).to the
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TABLE 5. Peaks potential values, Vp, for the investigated C¢(OH), = C4Oq

%k

series
Cs(OH), C¢0,(0OH), CsO4{OH), C¢Oy Sweep rate
I II I I II rr;_V
peak peak
Oxid. , Pt el. Oxid.,Pt el. Red,Hg el. Red.Hg el.
135 400 710 340 680 -660 -800 4
165 445 640 390 700 =705 -840 25
170 465 650 400 720 =720 ~-860 50
185 480 660 400 730 ~-740 ~900 100
200 495 670 420 750 =770 ~900 225
205 520 670 420 750 -780 ~900 325
230 520 680 420 760 -785 =920 400
285 540 690 460 770 -800 =940 625
350 600 465 780 =790 =920 900

%*
All potentials are in mV vs. SCE,
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values calculated for the totally irreversible diffusion~-controlled reaction

according to the equation derived by Delahay.v8

i 1 1
ip = 3,01 X 105n(ana)2 ADECov?

where n is the number of electrons transferred in overall reaction and
ana is obtained from the conventional Tafel slope:

dv 2,.3RT

dlogi anaF

A is area of electrode in cm? and v is sweep rate in volt/sec,
The value an_  may be determined from the slope of the line which

is obtained by plotting peak potential Vp vs. sweep rate. The slope,

dv
-‘—R—, is equal to 2.3 RT , and in the above case was 40 mV for the
dlog v 2Fan .

sweep rate 4-400 mvV/s.

According to the experimental data the number of electrons, n,
transferred during the first reaction step was two. This indicates that
reaction of electrodxidation of C¢(OH)s proceeds most probably in three
steps to the C¢Oy compound, each step including 2-electron transfer
according to the scheme:

Co(OH)s — C¢O,(OH)s + 2H' + 26
C¢O,(OH) — C4O4(OH), + 2H" + 2¢’

CeO4(OH), = C¢O¢ + 2H' + 26

From the experimentally observed Tafel slope which is in the case

of 1072 M C((OH)¢ in 1.0 N H,SO, equal to 2RT/3F, it is possible to
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maky conclusions about the mechanism cf reaction in the first reduciion

siep.

2 " i
While RT = RT , where n is the number of electrons
3F F(n + {3na)

transferred before the rate determining step, na is the rate determining
step, and B=3%, n hastobe 1 and n, also 1, or the reaction proceeds
with a transfer of one electron overall, and one in the rate determining
step.
So, the mechanism could be:
C4(OH), = C¢(O(OH)s + H + &

Ce¢O(OH)s = C4O0,(OH), + H + e

Unfortunately, no quantitative relationship for second (ar any farther)
peak current has been derived thus far in the case of consecuiive peak
current.

Feak current, ip, for the same concentration of C¢(OH), in the more
diluted supporting electrolyte (0.1 N H,S0, instead of“},O M) shows the
lower values, most probably due to the bigger resistive drop in the
solution.

The electroreduction of 107*M C¢O, in 0.1 N and 1.0 N H,SO, at Hg
electrode proceeds in only one step. Peak potential Vp changes be-
tween -790 and -1015 mV (0 1 N H,SO,) and between -800 and -920

(1 0N H,;SO4) vs SCE in dependence on sweeprate (4-900 mV/c). The
av
siope of the recorded i-V curve is not well reproducible. The m‘gf’\‘;

value is between 75 and 107 mV, n calculated from experimental data
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is less than 1 and the curve which represents ip dependence on sweep
rate lies below the curve calculated for the totally irreversible process
(Fig. 2).

Peak potentials are very close to the potential of hydrogen evolution,
and it is very possible that these two reactions interfere.

The electroreduction of C¢O, in alkaline solution (0.1 NaOH) at Pt
and Hg electrodes respectively does not give good reproducibility. This
may be due to the process of decomposition or polymerization of compound
in alkaline media. The process of decomposition proceeds with a change
in color and is faster in more concentrated solutions,

To obtain more information about the reaction path C¢(OH)s — C¢Os
we have investigated intermediate compounds, rhodizonic acid, C,C4OH),,
and tetrahydroxy=1, 4<quinone, Cf,O,_(OH);.

The reduction of 10-*M rhodizonic acid in 1.0 N H,SO, at Hg proceeds
in one step. The peak is well expressed and appears at potential between
-660 and -790 mV vs. SCE (in dependence of sweep rate), or 140 mV more
positive than in the case of reduction C40O¢ (see Table 1). A quantitative
interpretation of ip and Vp values shows that this reduction proceeds
again in an irreversible manner with 4-electron exchange (Fig. 3).

The electrodxidation of 10=* M tetrahydroxy=1, 4-quinone in 1.0 N
H,SO4 at Pt electrode occurs in two step reactions, as was expected, The
first is, according to the quantitative analysis, an irreversible one (Fig. 4).

The Tafel slope in this peak is close to 40 mV or 3_331:_?. , as in the case of
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the first step reaction in reduction of C¢,(OH), . The n and na values
are again 1, and the following reduction mechanism for this step may be
assumed:
C¢O,(OH), == C¢O4(OH); + H +e
Co05(OH); = C4O4OH), + H +e
The investigation of electrodxidation of C¢O4(OH), and electro-
reduction of C4O,(OH), are necessariyito compileie the knowledge about

the mechanism of reduction and oxidation in the organic couple

Ce(OH)e —~ CeOy .

3. Sulfoxides and sulfones

In the case of electroduction of 1072 M Et,SO, in 0.1 N H,SO, at
Pt electrode, no peaks, no waves, on the i-V were obtained which
could indicate any process. This is in agreement with previously done
potentiometric measurements, although on the basis of the potentio-
metr ¢ measurements, it was not clearly evident.

The i-V curves recorded in the course of electroreduction of
1072 M TM sulfone in 0.1 N H,SO, at Hg electrode with different sweep
rate show well expressed peak followed by two smaller in cathodic
and one peak in anodic region. The difference between the first cath-
odic peak and anodic peak with some potential sweep rate (between
200 and 600 mV/s) satisfied the conditicn

2.X0.028
anode n

Ep - Ep (V]

cathode
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for n=1 or 2, i.e., the difference is 30-60 mV. However, the experi-
mental ip current is much smaller than it should be according to the
concentration of the sulfone, and n calculated according to the equation
for reversible process

& 1 1
1p = 2,72+ 10°n°ADECyv?

is less than 1, It is obvious that the peak which appeared on i~V curves
during the single sweep on eiecirodes is due to deduction of some uniden-
tified compound, which corresponds to an impurity concentration.

The electroreduction of TM sulfoxide in 0.1 N H,SO4 at Hg electrode
does not occur, as in the case of sulfone, on the recorded i-V curves
appears one reversible peak but peak current is at 10% of current that
should be according to the TM sulfoxide concentration. This peak has to

be due to some uncertain impurity in the TM sulfoxide.

4, Dimethyl benzoguinone diazine

The investigation of 102 and 10~*M 2, 3 dimethyl-1, 4-benzoquinone
diazine in 0,1 and 1,0 N H,SO, at Hg electrode shows that reduction of
the compound proceeds in three steps. The first peak is at =370 mV, the

second at about -580, and the last at =1050 .1y vs SCE (with 250 mV/s),

while in the anodic region (reverse sweep direction) only one peak appears.

The place of the first peak does not change with sweep rate, which
is an indication of a reversible process, The plot of the peak current

experimentally obtained as a function of sweep rate lies between the
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curves calculated for 1 and 2 electron transferred reversible process
(Fig. 5).

After polarization at =600 mV vs SCE for several hours, the first two
peaks disappear (compound was reduced) and investigation was continued
in the same solution at Pt, In the anodic region we now obtain two peaks,
the first of which varies from +260 to 360 mV (at different sweet rate),
foliowed by one well expressed peak in cathodic region (opposite sweep
direction).

A quantitative analysis of the first anodic peak shows that it corre-

sponds to an irreversible electrode process, with two electrons trans-

ferred (Fig. 6).

5. Formic acid and formaldehyde

Investigation of the couple formic acid-formaldehyde is still
proceeding. From preliminary work, the electroreduction of 10-1' M
formic acid in 0.1 N NaOH at Hg electrode does not proceed, while the
electrodxidation of 102 M formaldeHyde in the same supporting electro-
lyte at Hg electrode occurs with one well expressed peak at the potential

of about ~1600 mV vs SCE,
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FIGURE CAPTIONS

Peak current dependence on the sweep rate for the electrooxidation
of 1072 M C¢(OH)s in 1.0N and 0.1 N H,SO, at Hg electrode:

c experimental values

0O calculated values
Peak current dependence on the sweeprate for the electroreduction
of 1073M C,O¢ in 1.0 N H,S0, at Hg electrode:

o sexperimental values

O calculated values
Peak current dependence on the sweep rate for the electroreduction
of 10=*M C¢O4OH), in 1.0 N H,SO,4 at Hg electrode:

o experimental values

O calculated values
Peak current dependence on the sweep rate for the electrodxidation
of C,O,(OH), in 1.0 N H,SO, at Pt electrode:

o experimental values

O calculated values
Peak current dependence on the sweep rate for the electroreduction

of 1073*M 2, 3-dimethyl~1, 4-benzoquinone diazine in 1.0 N H,SO,
at Hg electrode:

o experimental values
O calculated values
Peak current dependence on the sweep rate for electrooxidation

reduced form of 10-*M 1, 2-dimethyl-3, 4~benzoquinone diazine
in 1.0N H,S0,4 at Pt elecirode:

o experimental values

11 ¢aloulated valuee



ot

>

3] v " [ P 0

R e p——— = B R 0

_ _ I

10




Fr

E

~

€

wyl,n,
s.\.




")

P

-

Lo

91






0Z




o

- 97914

Tmm\ m:om_ 2 A
174

g

(2=4903 O
‘dx3 O

[vw]



SECTION VII. THE THEORY OF ELECTROCHEMICAL ENERGY CONVERSION

The book with Dr. Srinivasan (McGraw~Hill) continues to make
good progress. All chapters have been submitted to the publishers,
though a few references and diagrams are still missing. The publi~

cation date is Fall 1968,
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! SECTION VIII. MODERN ELECTROCHEMISTRY: AN INTERDISCIPLINARY APPROACH

Dr. Reddy returned to India on November 25. Finishing of editing of
bobk being carried' out by Dr. Halina Wroblowa, Professor A. Despic,

Dr. C. Solomohs, and Mr. J. Diggle. This editing consists largely of
taking into account the various criticisms, amendments, etc., from the
Bermuda conferehce.

Chapters 1-5 are with the publishers.. Chaptér 6 on molten salts
being edited by Dr. C. Solomons, promised by end of December, 1967.
Chapter 7, typed and has to be proofread. Chapter 8, awaits typing in
final form. Chapter 9, awaits typing in ﬁnai form. Chapter 10, electro-

' © catalysis sectic;.n has to be rewritten in view of completely new interpre-
tations and résults obtained by Mannan, on NASA contract. Rewriting
being done by Bockris and Wroblowa. Chapter 11 to be edited by Despic,
completed by February 1.

After all the\ chapters have been sent to the publishers, there will
be a pause until the galley proofs come through. Each chapter in galley
proof will be sent to an independent referee for assessment of any

remaining errors and suggestions of latest material.
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IX,

PUBLICATIONS UNDER GRANT NsG-=325

TJ

10.

1964

Forces involved in the specific adsorption of ions on metals from
agueous soluticn, J.0O' M. Bockris and T. Anderson, Electrochimica
Acta, 9, 347 (1964).

Electrochemical kinetics of parallel reactions, E. Gileadi and
S. Srinivasan, J. Electroanal. Chem., 7, 452-457 (1964).

Electrocatalysis, J.0O' M. Bockris and H. Wroblowa, ]J. Elecirca
Chem., 7, 428~451 (1964).

o

al.

Basis of possible continuous self activation in an electrochemical
energy converter, J.O' M. Bockris, B.J. Piersma, E. Gileadi, and
B.D. Cahan, J. Electroanal. Chem., 7, 487-490 (19¢4).

Ellipsometry in electrochemical studies, A.K.N. Reddy and
J.O' M. Bockris, U.S. Dept. Comm. Natl, Bureau of Standards,
Misc. Publication 256, Sept. 15, 1964, 229-244.

Ellipsometric study of oxygen-containing films on platinum
electrodes, A,K.N. Reddy, M. Genshaw, and J, O’ M. Bockris,
J. Electroanal. Chem., 8, 406-407 (1964).

1965

Ellipsometric determination of the film thickness and conductivity
during the passivation process on nickel, A.K.N. Reddy, M,G.B.
Rao, and J.O' M. Bockris, J. Chem, Phys., 42, 6, 2246-2248,
15 March 1965,

A brief outline of electrocatalysis, J.O' M. Bockris and S. Srinivasan,
19th Annual Proceedings Power Sources Conference, May 1965.

Proten transfer across double layers, J.O' M. Bockrig, S. Srinivasan,
and D.B. Matthews, Disc. Faraday Scc., No, 39, 1965,

Fundamental studies of the mechanism of porous elactrodes,

J.O' M. Bockris, L. Nanis, and B.D. Cahan, J. Electroanal. Chem.,
9, 474-476 (1965).
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11.

12.

13.

14.

15.

16.

17.

18.

19.

20.
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1966
The potential of zero charge on Pt and its pH dependence, E. Gileadi,
S.D. Argade, and J.O'M. Bockris, J. Phys. Chem., 70, 2044 (1966).

The potential sweep method: a theoretical analysis, S. Srinivasan
and E. Gileadi, Electrochim. Acta, 11, 321-335 (1966).

Electrode kinetic aspects of electrochemical energy conversion,
J.O' M. Bockris and S. Srinivasan, J. Electroanal. Chem., 11,
350-389 (1966).

An ellipsometric determination of the mechanism of passivity of nickel,
J.O' M. Bockris, A.K.N. Reddy, and B. Rao, J. Electrochem. 3oc..
113, 11,/ 1133-1144 (1966).

1967
Electrocatalysis in ethylene oxidation, A, Kuhn, H. Wroblowa, and
J.O' M. Bockris, Trans. Faraday Soc., 63, 1458 (1967).

Electrosorption, edited by E. Gileadi, Plenum Press, 1967.

Theory of porous gas diffusion electrodes using the thin film model,
S. Srinivasan and H.D. Hurwitz, Electrochim. Acta, 12, 495 (1967).

Potential of Zero Charge, S.D. Argade and E. Gileadi, in Electro-
sorption (Ed. by E. Gileadi, Plenum Press, 1967).

Fundamental equations of electrochemical kinetics at porous gas-
diffusion electrodes, S. Srinivasan, H.D., Hurwitz, and J. O' M.
Bockris, J. Chem. Phys., 46, 3108 (1967).

Dependence of the rate of electrodic redox reactions on the substrate,
R.J. Mannan, A. Damjanovic, and J. O'M. Bockris, J. Chem. Phys.,
(February 1968).

The following are in course of publication:

21.

22,

23.

An ellipsometric study of oxide films on platinum in acid solutions,
J.O' M. Bockris, A.K.N. Reddy, and M. Genshaw.

Chapter on Electrochemical Techniques in Fuel Cell Research, to be
published in Handbook on Fuel Cell Technology, edited by C. Berger,
Prentice Hall.

On a comparison of techniques for measuring the adsorption of organic
materials on electrodic catalysts, L. Duic and J. O' M, Bockris.
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